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Qu, Tao. Ph.D., Purdue University, December 2015. Modeling of Interface Strength As 
Well As Interface Deformation Based on Nanomechanics and Development of Interface 
Database Systems. Major Professor: Vikas Tomar. 
 
 
Biomaterials such as bone and marine exoskeletons have primarily an organic phase (e.g. 
tropocollagen in bone, chitin in exoskeleton) and an inorganic phase (e.g. hydroxyapatite 
in bone, calcite in exoskeleton) arranged in a precisely organized multi- level hierarchical 
arrangement. Interfacial interactions between the organic and inorganic phases 
significantly affect the mechanical properties of such biomaterials. In presented study, 
idealized tropocollagen-hydroxyapatite and chitin-calcite interfacial systems are analyzed 
using a multiscale simulation framework that combines explicit three-dimensional 
molecular dynamics simulations with finite element simulations that take into account 
explicit microstructure in a three-dimensional hierarchy. The analyses focus on the shear 
deformation that occurs in interfaces of such materials when overall three-dimensional 
hierarchy is subjected to mechanical loading. In order to predict the interface stress 
magnitude in such systems during deformation, steered molecular dynamics simulations 
are performed to study the interfacial sliding process between the organic and inorganic  
phases at the nanoscale. A visco-plastic interfacial sliding model is used to calculate the 
interface strength and the shear viscosity of each interfacial system. In order to predict 






extended finite element and cohesive zone model framework is used to predict the 
fracture properties of bio-inspired laminates with bio-interfaces as the adhesive layers.  
 
Analyses show that at the nanoscale, the presence of the interface with larger viscosity is 
the main contributor of the toughening mechanisms to prevent catastrophic failure, by 
enhancing the shear contribution in the overall mechanical behavior, affecting the stress 
distribution, and promoting energy dissipation required for viscoelastic deformation of 
the organic phases. At the laminate level, finite element analyses indicate that interface 
has significant effect on the delamination as well as the intra-laminar fracture resistance. 
Interface with higher critical fracture energy leads to higher delamination resistance, 
while influence on the intra- laminar fracture resistance is much more complicated which 
depends on the local stress state at the interface. Theoretical predictions for the energy 
release rate as a function of phase angles of mode mix based on the stress profile at the 
interface are derived to illustrate the interface effect. Further, the interface database 
system which correlates the mechanical properties of the bio- inspired laminated 
composites with structural morphology and interfacial stress is proposed. The database 
system is expected to guide the selection of interfaces to optimize  the performance of 







CHAPTER 1 INTRODUCTION 
1.1 Background 
Biological materials have evolved over millions of years and often are found as complex 
composites with superior properties compared to their relatively weak original 
constituents. The toughness of spider silk, the strength and light weight of bamboo, self-
healing of bone, high toughness of nacre, and the adhesion abilities of the gecko’s feet 
are a few of the many examples of high performance biological materials. Hard 
biomaterials such as bone, nacre, and dentin have intrigued researchers for decades for 
their high stiffness, toughness, and self-healing capabilities. They have been reviewed in 
the context of their hierarchical structure, material properties, and failure mechanisms  
(Rho ,Kuhn-Spearing et al., 1998; Fratzl and Weinkamer, 2007; Meyers ,Chen et al., 
2008; Launey and Ritchie, 2009; Dubey and Tomar, 2010b; Qu ,Verma et al., 2015), with 
particular emphasis on their light weight, and the simultaneous possession of high 
toughness and mechanical strength. Such materials often combine two properties that are 
contradictory, but essential for their functioning. A unique feature that determines their 
properties is interfacial interaction between organic and inorganic phases in the form of 
protein (e.g. chitin [CHI] or tropocollagen [TC])-mineral (e.g. calcite [CAL] or 





1.1 and 1.2. The size of the protein-mineral interface can be enormous, as the mineral 
components have nanoscale dimensions (i.e. a uniform dispersion of nanoelements 
leading to an ultralarge interfacial area). For example, in a raindrop-sized volume of 
natural nanocomposite, the area of the interfacial region can be as large as a football field.  
 
 
Figure 1.1 A schematic of the hierarchical structure of bone, from the highest to the 
lowest length scale: Longitudinal cross-section of the end of a human femur showing the 
trabecular bone inside; microstructure of trabecular bone resembling a honey comb 
structure; scanning electron microscope (SEM) image of the strut-like structures in the 
microporous structure; one such trabecular strut; a fracture surface of human bone 
showing mineralized collagen fibrils; and a schematic of staggered and layered assembly 








Figure 1.2 A schematic of the hierarchical structure of shrimp exoskeleton, from the 
highest to the lowest length scale: whole shrimp, SEM image of the extracted carapace; 
SEM image of the full cross-section of the shrimp exoskeleton; laminated structure of 
exoskeleton microstructure; and a mineralized chitin fibril formed by chitin molecules 





1.2.1. Organic-Inorganic Bio-interfaces  
In structural studies of such biological materials (Weiner ,Talmon et al., 1983; 
Fratzl ,Fratzlzelman et al., 1991; Landis ,Song et al., 1993; Landis ,Hodgens et al., 1996; 
Al‐Sawalmih ,Li et al., 2008), it is observed that at the mesoscale (~100 nm to a few μm), 





polypeptide molecules in a hierarchical arrangement (e.g., staggered or Bouligand pattern 
[multiple layers stacking with each other with a total 180o rotation leading to the 
“helicoidal structure”]), Fig. 1.2. Interfaces are perceived to play a significant role in 
stress transfer and the consequent improvements in stiffness and strength of such material 
systems. However, exactly how a change in the interfacial chemical configuration implies 
a change in mechanical properties in such materials is a subject of much debate. The 
length scale and complexity of the microstructure of hybrid interfaces in biological 
materials make it difficult to study them and to understand the underlying mechanical 
principles, which are responsible for their extraordinary mechanical performance. Hence, 
the mechanisms governing the mechanical behavior of such biomaterials have not been 







Figure 1.3 A schematic showing a typical hierarchical structure of biomaterials, (a) 
nanoscale organic-inorganic bio-interface, (b) mineralized fiber at microscale, (c) 
laminated structure at the micro- or macroscale  
 
One of the most important aspects of understanding the influence of interfaces on 
material properties is the knowledge of how stress transfer occurs across organic-
inorganic interfaces. The multicomponent hierarchical structure of biomaterials results in 
organic- inorganic interfaces appearing at different length scales (i.e., between the basic 
components at the nanoscale, Fig. 1.3-(a), between the mineralized fibrils at the 
microscale, Fig. 1.3-(b), and between the layers of the multilayered structures  at the 
micro- or macroscale, Fig. 1.3-(c)). Yet, the majority of multiscale approaches for 
biological materials deal with the upscaling of bulk properties (related to elasticity, 
viscoelasticity, poroelasticity, or strength), from the scale of basic constituents up to the 





Eberhardsteiner ,Hellmich et al., 2014; Morin and Hellmich, 2014) or invertebrate 
exoskeleton (Nikolov and Raabe, 2008). However, recent progress in materials science 
and mechanics provides explicit access to interfacial properties as the origin of the 
overall bulk properties of the material, such as viscoelasticity (Shahidi ,Pichler et al., 
2014) or strength (Fritsch and Hellmich, 2007).  
 
Therefore, it is important to start with an in-depth molecular level understanding of the 
governing mechanistic principles in the organic-inorganic interfaces. Such understanding 
will enhance our understanding in tracking down the chemo-mechanistic origins of high 
performance of biomaterials and help in designing light-weight engineered materials with 
high stiffness and toughness. 
 
1.2.2. Layered Structure Similar to Engineered Laminated Composites 
As mentioned, the microstructure of biological materials exhibits a laminated structure 
with anisotropic layers staking together at the mesoscale, Fig. 1.3-(c). For example, In the 
case of marine exoskeleton, multiple layers stack with each other with a total 180o 
rotation leading to a “helicoidal structure” (Cheng ,Wang et al., 2008), and the angles 
between the layers are found to be 90o for the fish scales of some species, (Lin ,Wei et al., 
2011). The interfacial interaction among various compositional components, mainly the 
organic and inorganic phases, is involved between the fibrils and layers. Quantifying the 
contribution of the organic- inorganic interfaces to the consequent improvement in 
mechanical properties of the materials is the key to extract the biomimetic strategies  






Figure 1.4 Engineered laminated composite, where interface issues exist between plies, 
and between fiber and matrix materials 
 
In practical applications, interface (existing between fiber and matrix materials as well as 
between discrete plies) significantly affects the failure behavior of the laminated 
composites, such as intra-laminar fracture and interfacial delamination, Fig. 1.4. Efforts 
(Nobumasa and Shimizu, 1988; Chen and Mecholsky, 1993; Woolstencroft, 2005; 
McMillan, 2014) have been taken to improve the inter- laminar fracture toughness of 
composite materials by design of the ply interface. However, the quantitative interface-
performance relation to guide the interface optimization is not available (Kim and Mai, 
1998). High strength (or stiffness) and high toughness are usually mutually exclusive in 
engineering materials. At this point, bio- inspired laminated composites with the 
introduction of a ductile phase are excellent examples of the ideal materials. It is reported 





effective in crack stopping by changing the crack path and absorbing the strain through 
the “exclusive” interface deformation (Meyers ,McKittrick et al., 2013).  
 
Therefore, an important aspect of current research is the development of an ability to 
better manufacture traditionally developed laminated composites. It is important to 
develop a framework to study the nonlinear crack propagation with account of the 
interfacial stress in the laminates with structural parameters such as those found in 
engineered polymer composites (e.g. fiber orientation, stacking sequence, number of 
layers, lamina thickness etc.). 
 
1.3 Earlier Studies on Bio-interfaces and Laminated Structures 
Several experimental studies have been performed to understand the mechanical behavior 
of bone and similar hard biological materials at the nanoscale (Hodge and Petruska, 1963; 
Lees ,Bonar et al., 1984; Lees and Prostak, 1988; Sasaki and Odajima, 1996; 
Hellmich ,Barthélémy et al., 2004; Eppell ,Smith et al., 2005; Fantner ,Hassenkam et al., 
2005; Gupta ,Wagermaier et al., 2005; Thurner ,Erickson et al., 2007; Liu ,Thomopoulos 
et al., 2014). However, experiments to date have not yet measured interfacial strength at 
the nanoscale interfaces in such materials as a function of interface deformation 
properties. As mentioned earlier, such measurements are extremely important for the 
reliable prediction of material behavior at the macroscale. In the absence of such 
experiments, molecular simulation-based models can play an important role in predicting 
interface deformation and interface strength-affected material behavior. Katti and co-





2008,2009; Katti ,Pradhan et al., 2010) have performed a series of molecular dynamics 
(MD) and steered molecular dynamics (SMD) simulations in order to understand the 
interactions between protein and mineral (HAP and aragonite) molecules in biomaterials. 
The number of hydrogen bonds was analyzed as a function of deformation and was 
confirmed as the main contributing factor of the binding mechanism between the mineral-
protein interfaces. Dubey and Tomar (Dubey and Tomar, 2013) performed three 
dimensional (3D) ab initio MD (AIMD) simulations to understand atomistic interactions 
in selected TC-HAP interfaces under tensile loading. However, AIMD simulations to 
date have limited length scales. Other work by (Dubey and Tomar, 2009b,a,c,d,2010c,b) 
provides a mechanistic understanding of interfacial interactions in idealized TC and HAP 
interfacial biomaterials, considering their hierarchical organization. Buehler (Buehler, 
2006b) studied the homogeneous shear and slip pulses process between collagen fibrils 
using MD simulations based on a one-dimensional model of fracture.  However, the real 
effect of stresses at the interfaces during the mechanical deformation was not addressed  
in the early studies. Important questions arise: For a given peak tensile strength of a 
material, what proportion of total strength is attributable to interface strength? What is the 
contribution of interface sliding (Frankland and Harik, 2003) in time-dependent 
deformation observed in a simple tension test? Recently simulations performed by (Qu 
and Tomar, 2014,2015; Qu ,Verma et al., 2015) have pointed out some important aspects 
for answering these questions. The framework was developed to understand interface 
deformation mechanics based on a computational method to decompose the net surface 






dynamics (NEMD) (Lindahl and Edholm, 2000) and a viscoplastic model to characterize 
the sliding process using SMD (Frankland and Harik, 2003).  
 
Earlier studies on the continuum level biomaterials have focused on the staggered 
arranged mineralized fibril structure and certain aspects of structure-property relationship 
have been predicted with the tension shear chain (TSC) (Ji and Gao, 2004; Gao, 2006; 
Shuchun and Yueguang, 2007; Zhang ,Zhang et al., 2010) model. Recently, the classic 
laminate theory has been used to analyze the behavior of the layer structure with linear-
elastic assumption by (Cheng ,Wang et al., 2008,2009; Cheng ,Thomas et al., 2011). 
However, the multi-scale model up to the layered structure where the nonlinear behavior 
can be incorporated with account of the interfacial interaction among the various 
compositional components has not been developed. 
 
In practical applications, damage mechanisms of laminated composite can be divided into 
intra- laminar damage, which corresponds to fiber fracture and matrix cracking, and inter-
laminar damage, which corresponds to the interfacial separation of the plies (i.e. 
delamination). Intra- laminar failure in the form of matrix cracking in off-axis plies is 
usually the first damage mode (Choi and Chang, 1992; Bechel ,Fredin et al., 2003). 
Delamination is considered as the most severe fracture mode leading to the catastrophic 
failure of many advanced laminated composite structures (Choi and Chang, 1992; 
Bechel ,Fredin et al., 2003; Kim and Mayer, 2003; Rose ,Davila et al., 2013; 
Grogan ,Brádaigh et al., 2015). The major causes of delamination could be the linking of 






1972). The initiation and growth of the delamination affected by factors such as material 
properties, lay-up, loading, coupled matrix cracking, fiber orientation, have been studied 
with both experimental and computational methods (Pipes and Pagano, 1970; Pagano and 
Pipes, 1971,1973; Pipes ,Kaminski et al., 1973; Pipes and Pagano, 1974; Whitcomb ,Raju 
et al., 1982; Sun and Zhou, 1988; Choi and Chang, 1992; Joo and Sun, 1992; Kim and 
Mayer, 2003; Andersons and König, 2004; Kashtalyan and Soutis, 2005; Hallett ,Jiang et 
al., 2008; Hallett ,Green et al., 2009; Wisnom and Hallett, 2009; Achard ,Bouvet et al., 
2014; Grogan ,Brádaigh et al., 2015). Recent developments on finite element models 
capable of predicting both intra- laminar and inter- laminar failure in composites have used 
the Extended Finite Element Method (XFEM) for matrix microcracks and the Cohesive 
Zone Model (CZM) for delamination (Hallett ,Jiang et al., 2008; Iarve ,Gurvich et al., 
2011; Van der Meer ,Sluys et al., 2011; Rose ,Davila et al., 2013; Grogan ,Brádaigh et al., 
2015). Efforts (Nobumasa and Shimizu, 1988; Chen and Mecholsky, 1993; 
Woolstencroft, 2005; McMillan, 2014) have been taken to improve the inter- laminar 
fracture toughness of composite materials by design of the ply interface. However, the 
quantitative interface-mechanical relation to guide the interface optimization is not 
available (Kim and Mai, 1998). Current work is an effort in this direction by studying the 
coupled intra- laminar fracture and delamination progressive damage in laminated 








1.4 Objectives and Goals 
High strength (or stiffness) and high toughness are usually mutually exclusive in 
engineering materials. Bio- inspired laminate composites with the introduction of a ductile 
phase are excellent examples of the ideal materials. The chemo-property-structure 
relationships learned from the natural materials need to be developed to give a direction 
for interface selection in engineered laminated composites. Current work is a contribution 
in this area. The overall objective and the specific aspects to be investigated are as 
follows: 
 
Overall Objective: To develop a quantifiable and predictive database of the chemo 
(chemical dependent molecular level interfacial properties) – performance (e.g. strength, 
stiffness, toughness etc.) – structure (different structural morphology of the laminated 
structure) relationship in candidate natural materials (bone and marine exoskeleton). To 
use this relationship to predict quantifiable changes in candidate polymer composite 
morphologies where interface stress and interface deformation could be engineered to 
improve failure properties. There are two stages studies:  
 
1. Characterization of the organic- inorganic bio- interfaces (see Fig. 1.3-(a)) presented in 
bone (i.e. TC-HAP) and marine exoskeleton (i.e. CHI-CAL) material systems at the 
fundamental length scale using 3D MD based method. Following aspects are 
investigated: 







 Downscale the interface strength as a function of loading rate to derive the 
cohesive zone model parameters for CHI-CAL material systems 
 The effect of viscous interface on the overall mechanical behavior of the 
interfacial material systems  and the continuum micromechanics top-down 
access to interface viscosity of TC-HAP material systems 
 
2. To incorporate the biomimetic strategies to give insight on the interface selection in 
engineered laminated composite, failure analysis considering both fracture modes and 
free edge problems is performed on the mesolevel (i.e. discrete homogeneous plies) 
bio- inspired (i.e. each lamina is made up of the basic organic [i.e. CHI fiber] and 
inorganic [i.e. CAL matrix], see Fig. 1.3-(b)) laminated composites (see Fig. 1.3-(c)) 
with different types of adhesive interface between layers using a combined XFEM 
and CZM approach. Following aspects are investigated: 
 Interface effect on the overall stress-strain response of the structures 
 Interface effect on the inter- and intra-laminar fracture of the structures 
 Interface effect on the suppression of free edge delamination of the 
structures 
 Development of the interface-performance-structure database systems 
based on the simulation results 
 
1.5 Dissertation Structure 
In Chapter 2, details of molecular dynamics framework and methodology are presented. 






interfacial systems generation, and computational details for interface strength and 
interface viscosity.  
 
In Chapter 3, mechanical behavior of TC-HAP and CHI-CAL bio- interfaces is analyzed 
with an account of effect of chemical constituents and hydration, effect of loading rate, 
and role of viscous interfaces. Important conclusions are drawn from the analysis, i.e. 
cross model based transition from MD-derived viscosities to top-down identified 
viscosities for TC-HAP interfaces, cohesive zone model parameters based on downscale 
of the SMD-measured interface strength as a function of loading rate. 
In Chapter 4, introduction of mechanics of laminated composites is presented. It includes 
anisotropic elasticity, effective elastic moduli, classical laminated p late theory and the 
damage mechanisms for the laminated composites.  
 
In Chapter 5, details of finite element framework and methodology are presented. It 
includes formulations for XFEM and CZM, simulation setup, i.e. user defined subroutine, 
materials, structures, dimensions, mesh, loading conditions. 
 
In Chapter 6, results from finite element analysis are presented. Interface effect on intra-
laminar fracture and delamination resistance is discussed. Theoretical predictions for the 
delamination resistance and intra- lamina fracture resistance based on the phase angle of 
mode mix are derived to illustrate the interface effect. The concept of interface database 







Chapter 7 concludes the dissertation, discusses significance, and provides suggestions for 







CHAPTER 2 MOLECULAR DYNAMICS SIMULATIONS FRAMEWORK AND 
METHODOLOGY 
In this chapter, atomistic simulations framework and methodology to investigate 
mechanics of TC-HAP and CHI-CAL bio-interfaces at molecular level for uniaxial 
tension and interfacial sliding process are presented. It includes atomistic structures of 
TC, HAP, CHI and CAL, and interfacial systems generation and the computational 
details for interface strength and viscosity. Molecular simulation is a statistical mechanics 
method to obtain a set of configurations distributed according to a statistical distribution 
function, or statistical ensemble. There are two primary types of molecular simulations: 
MD and Monte Carlo (MC). In MD, equations of motion are integrated to track atoms.  It 
is a deterministic technique, i.e., given an initial set of positions and velocities, the 
subsequent time evaluation is completely determined, whereas MC is a statistical method 
to fill phase-space faster by moving he atoms randomly and system properties can be 
statistically obtained. 
 
The fundamental information required for a reliable MD simulation is an interatomic 
potential to describe physical properties of the system under study. The interatomic 
potential is used to calculate forces on atoms. The forces are used in the equations of 
motion for atoms. By integration of the equations of motion, the time evolution of the 






the structural analyses of atomic trajectories are then used to characterize the nanoscopic 
behavior of the material system. MD replaces a comprehensive quantum mechanical    
treatment of interatomic forces with a phenomenological description in the form of an 
interatomic potential. Consequently, an MD simulation is appropriate only in the domain 
of properties to which the parameters of the interatomic potential are fitted. In addition, 
few limitations are important to understand the applicability of MD simulations for 
analyzing the nanomechanical deformation. First, MD simulations can only be carried out 
at timescales of the order of pico-seconds and length scales of the order of nanometers 
(nm). Consequently, the physical phenomena with long range spatial order or with large 
perturbation time periods are out of the reach of MD simulations. Second, MD 
simulations use phenomenological interatomic potentials. Consequently, the accuracy of 
material behavior prediction using MD is limited. However, MD simulations have proven 
to provide accurate qualitative trends on the nanomechanical deformation mechanisms 
and the nanomechanical strength in agreement with experiments. MD simulations 
however have been successfully used to predict mechanical and chemical behavior of 
proteins and minerals and prove to be useful tools especially at sub nano scales where 
experimental studies are challenging to perform. Simulations are performed using 
NAMD (Phillips ,Braun et al., 2005). The material system of focus in presented study is 
TC-HAP and CHI-CAL, and both have been studied by many in earlier related 
investigations (Katti ,Ghosh et al., 2004; Buehler, 2006a; Bhowmik ,Katti et al., 2007b; 
Buehler, 2007c,a; Bhowmik ,Katti et al., 2008; Nikolov and Raabe, 2008; 






2010; Nikolov ,Petrov et al., 2010; Jin ,Feng et al., 2013). Following sections describe the 
atomic structures of the material in detail.  
 
2.1 Atomistic Structures 
 
2.1.1. Tropocollagen Structure 
The structure of a full length TC molecule is a triple helix of three polypeptide chains 
(two alike alpha chains, and one beta chain). Each chain comprises approximately one 
thousand amino acids (called residues) with the characteristic Gly-X-Y triplet sequence 
(Gly is glycine and X, Y can be any other amino acids), Fig. 2.1. In this investigation, the 
full length TC molecule residue sequence as submitted by (Orgel ,Irving et al., 2006)-
(pdb id ‘1YGV’) is used. This residue sequence information is used to generate the 
atomic level structure of the TC molecules using the ‘gencollagen’ package 
(Huang ,Couch et al., 1998). Hydrogen atoms are added by ‘psfgen’ module of the 
NAMD package (Phillips ,Braun et al., 2005). The segment length for the TC molecules 
is the same as used by other researchers in past, (Bella ,Eaton et al., 1994; Klein and 
Huang, 1999; Kramer ,Venugopal et al., 2000; Lorenzo and Caffarena, 2005; 












2.1.2. Hydroxyapatite Structure 
HAP is a naturally occurring mineral form of calcium apatite with the formula 
Ca5(PO4)3(OH) (Fig. 2.2), but is usually written Ca10(PO4)6(OH)2 to denote that the 
crystal unit supercell comprises two entities. The OH- ion can be replaced by fluoride, 
chloride or carbonate, producing fluorapatite or chlorapatite. Up to 50% of bone is made 






Carbonated calcium-deficient HAP is the main mineral of which dental enamel and 
dentin are comprised. HAP crystal is generated using a Fortran code and the fractional 
coordinate information is obtained from literature (Elliott ,Mackie et al., 1973), 
(Monoclinic phase of HAP with space group P21/b and lattice parameters a = 9.4214 Å, b 
= 2a, c = 6.8814 Å,   = 120o). One unit supercell of HAP consists of 88 atoms.  
 
 
Figure 2.2 Snapshot showing HAP crystal with its constituent atoms  
 
 
2.1.3. α-Chitin Structure 
CHI is a long chain polymer of β-1,4-N-acetyl-D-glucosamine (GlcNAc) and is the 
second most abundant biological material on the earth after cellulose. CHI exists in three 
different polymorphic forms that differ in the arrangement of the chitin molecular chains 






fashion in the case of α-chitin while chains are parallel in β-chitin, and γ-chitin is a 
mixture of α- and β-chitin. α-chitin is chosen for this study since it is mainly found in 
crustacean exoskeleton and is more stable, more abundant than the other two. It was 
identified that the crystalline α-chitin, Fig. 2.3, (C8H13O5N)n, is orthorhombic lattice 
structure with P212121 symmetry (Minke and Blackwell, 1978). Our model is built using 
a Fortran code based on the recently reported crystallographic constants (Sikorski ,Hori et 












2.1.4. Calcite Structure 
The mineral phases in a full model of the crustacean material consist of some small 
amounts of amorphous calcium phosphate (ACP), amorphous calcium carbonate (ACC), 
as well as crystalline CAL (Al‐Sawalmih ,Li et al., 2008; Jin ,Feng et al., 2013). Due to 
the complexity of performing atomistic analysis of supercells, we limit our intention to 
the crystalline calcite. The CAL ( 3CaCO ) supercell, Fig. 2.4, is generated using a Fortran 
code based on the fractional coordinate and unit cell parameter information given in 
(Maslen ,Streltsov et al., 1993), (trigonal crystal system with space group R3c, 
a=b=4.989 Å, c=17.062 Å, α=β=90o and   = 120o). One unit supercell of CAL consists 
of 25 atoms.  
 
 








2.2 Interfacial Material Systems Generation 
Bone and marine exoskeleton are excellent examples of stiff and tough nanocomposite 
biomaterials. The main constituents of bone are TC chains and HAP minerals. It is 
observed at the nanoscale HAP minerals are preferentially aligned along the length of the 
TC molecules permitting the maximum contact area in a staggered arrangement 
(Weiner ,Talmon et al., 1983; Fratzl ,Fratzlzelman et al., 1991; Landis ,Song et al., 1993; 
Landis ,Hodgens et al., 1996), Fig. 1.1. A full model of the chitin-based biomaterials 
should include CHI chains, binding proteins and mineral phases (Al‐Sawalmih ,Li et al., 
2008; Jin ,Feng et al., 2013). The exoskeleton nanocomposite consists of antiparallel CHI 
chains wrapped by proteins reinforced with mineral crystals CAL, (Al‐Sawalmih ,Li et al., 
2008), Fig. 1.2. Due to the complexity of performing atomistic analysis of supercells, we 
limit our intention to the two main components, CHI fibers and crystalline CAL.  
 
 
Figure 2.5 Schematic of 2D staggered and layered assembly bio-composite and 2D 








Figure 2.6 A schematic showing the generation of the organic-inorganic interfacial 
systems at the molecular level 
 
According to previous studies, (Shuchun and Yueguang, 2007; Zhang ,Zhang et al., 2010; 
An ,Zhao et al., 2014), a simplified unit cell (Fig. 2.5) was used to analyze the main 
deformation and stress transfer mechanism of the bio-composites at the lowest 
fundamental length scale. Fig. 2.6 shows a schematic of the type of interfacial systems 
analyzed. TC or CHI molecules are embedded in-between HAP or CAL platelets, 
respectively. In hydrated condition, water (WT) molecules are added to the interface 
region using ‘SOLVATE’ module in visual molecular dynamics (VMD) software 
(Humphrey ,Dalke et al., 1996). Collagen based materials, Fig. 2.7, are denoted as HAP-
HAP (two HAP cells placed over each other), HAP-WT-HAP (same HAP cells but with 
WT molecules separating the two), HAP-TC-HAP (same HAP cells but with TC 
molecules separating the two) and HAP-TC-WT-HAP (same HAP cells separated by the 






atoms per unit cell, and one TC molecule consists of 406 atoms. Similarly, chitin based 
materials, Fig. 2.8, are denoted as CAL-CAL, CAL-WT-CAL, CAL-CHI-CAL, CAL-
CHI-WT-CAL. Each CAL supercell consists of 420 unit cells with 25 atoms per unit cell, 
and one CHI molecular chain consists of 270 atoms. Such interfaces are then deformed 
under tensile and shear modes using established NEMD and SMD schemes, with a focus 
on measuring the interfacial shear strength in two separate deformation modes, Section 
2.5 (Qu and Tomar, 2014; Qu ,Verma et al., 2015). The size of supercells is chosen as the 
maximum size which could be computationally analyzed using 3D MD in a period of at 
most 10 days. 
 
 
Figure 2.7 Collagen based interfacial systems (a) HAP-HAP, (b) HAP-WT-HAP, (c) 









Figure 2.8 Chitin based interfacial systems (a) CAL-CAL, (b) CAL-WT-CAL, (c) CAL-




2.3 Force Field 
All simulations are performed using NAMD package as it can be scaled well to very 
large processor counts, (Hein ,Reid et al., 2005). For TC-HAP interfacial systems, a 
combination of CHARMM22 force field, (Ponder and Case, 2003), and an inorganic 
force field reported earlier for HAP, (Hauptmann ,Dufner et al., 2003) and 
(Bhowmik ,Katti et al., 2007a), is used to model the interatomic interactions. For chitin 
based materials, a combination of CHARMM36 carbohydrate force field (Ponder and 
Case, 2003) and CHARMM36 force filed for small molecule drug design 
(Vanommeslaeghe ,Hatcher et al., 2010) is used to model the atomistic interactions. The 






quantum mechanically derived van der Waals parameters available in the CHARMM 
force field. The CHARMM potential energy function, (MacKerell ,Bashford et al., 1998), 
is composed of an intra-atomic term, EINTRA, and an inter-atomic term, EINTER,  
 
 .INTRA INTERE E E   (2.1) 
 
The term EINTRA is given by,  
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Here, kb, kθ, kUB, kω, and kϕ are force constants, ro, θo, ro’, and ωo are equilibrium bond 
length between sites i and j, equilibrium bond angle, equilibrium bond length between 
sites i and k, equilibrium improper torsion angle respectively, ri,j is the distance between 
sites i and j, ri,k is the distance between sites i and k, and θijk is bond angle between sites i, 
j, k, ϕ and ω are dihedral angle and improper torsion angle respectively. The third term in 
Eq. (2.2) denotes the Urey-Bradley term. The inter-atomic term includes Coulombic and 
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Here, ri,j is the distance between ith and jth particles with charges qi and qj, εo is the 
vacuum dielectric constant. The terms εij and Rmin,i,j determine the minimum and zero of 
the van der Waals term. Particle mesh Ewald method is used to calculate electrostatic 
interactions with a cut off of 12 Å. Geometric mean is used for van der Waals parameters 
for defining interactions at the TC-HAP and CHI-CAL interface. The CHARMM22 force 
field and topology parameters for TC molecule are directly obtained from CHARMM 
website, (MacKerell ,Bashford et al., 1998). Parameters for a non-standard residue, 
hydroxyproline (HYP), are obtained using the procedure outlined by (Anderson, 2005). 
For water, we employed the TIP3 model, (Jorgensen ,Chandrasekhar et al., 1983). Proline 
frequently occupies the X and Y positions in Gly-X-Y triplet and some of them 
hydroxylate to HYP, which has been reported to enhance the stability of TC triple helix, 
(Berg and Prockop, 1973), (Holmgren ,Taylor et al., 1998), (Jenkins ,Bretscher et al., 
2003), and (Park ,Radmer et al., 2005). Parameters for a non-standard residue HYP are 
obtained using the procedure outlined by (Table 2.1 and 2.2) (Anderson, 2005). The 
CHARMM36 carbohydrate force field and topology parameters for chitin molecules, 
CHARMM36 small molecule drug design force filed and topology parameters for calcite 
molecules are directly obtained from CHARMM website (Ponder and Case, 2003; 







Table 2.1 Parameters for intramolecular interactions of hydroxyapatite based on the 
CHARMM functional form 
 
 
Table 2.2 Parameters for intermolecular interactions of hydroxyapatite based on the 




2.4 Simulation Setup and Computational Details 
All simulations are performed with Periodic Boundary Conditions (PBCs) imposed on 
the supercells in three dimensions (NEMD) or two dimensions (SMD). For all supercells, 
first energy minimization is performed using conjugate gradient and line search 
algorithms, until there is no significant change in the total energy. After minimization, 
MD equilibration with a time-step of 1 fs/step is performed at 0% strain in two different 
ensembles: (1) isothermal- isobaric (NPT) ensemble for equilibration at 1 atm pressure 
and 300 K temperature till the volume of the supercell being equilibrated has stabilized 






equilibration at 300 K until the fluctuations in the temperature subside. The termination 
criterion for equilibration is: when there is no significant change in the supercell volume 
and a mean pressure of 1 atm with mean temperature of 300 K is achieved. During NPT 
equilibration, flexible supercell flag is used to allow supercell dimensions to change 
independently in three orthogonal directions and the resulting equilibrated structure is 
then used for deformation study (i.e. NEMD for pressure profile calculation and SMD for 
interfacial sliding) in the NVT ensemble. 
 
2.4.1. NEMD – Pressure Profile Calculation 
Stress-strain curve information is generated based on the well established procedures of  
(Tomar and Zhou, 2007). There are two loading directions (Fig. 2.7, 2.8, 2.9-(a)): 
direction along the molecule length (x-axis) and direction transverse to molecule length 
(y-axis). The equilibrated supercells are stretched with a strain increment of ε =2% in the 
designated direction until 20% tensile strain level is reached. In order to account for 
Poisson’s ratio (ν) effect, the supercell is compressed by νε% in the transverse directions. 
Initially, a fixed value of ν =0.3 is used based on average of the reported literature values 
for collagen and chitin based materials (Dubey and Tomar, 2010c; Nikolov ,Petrov et al., 
2010; Nikolov ,Fabritius et al., 2011). Afterwards, the supercell is equilibrated and actual 
Poisson’s ratio for the supercell automatically arises out of transverse atomic 
displacements during supercell equilibration. The supercell being analyzed is then 
equilibrated using the same sequence of NPT-NVT equilibration as that at 0% strain. This 






turned on and ‘pressureProfileSlabs’ is chosen as 7 for collagen material systems and 11 
for chitin material systems, Fig. 2.9-(b).  
 
 
Figure 2.9 (a) A schematic showing of loading condition of the interfacial materials 
system, (b) stress-strain curve for each slab of the system from the bottom to the top layer 
 
NAMD supports the calculation of the pressure profiles as a function of the z-coordinate 
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Here, the simulation structure is divided into horizontal slices along z-coordinate, Fig. 






with thickness Δz. mi is the mass and v i is the velocity for particle i. The   sign denotes a 
tensor product. rij and Fij are the distance and force, respectively, between particles i and j. 
The function f determines the amount of the virial to be located to the current slice  
(Lindahl and Edholm, 2000); if both particles i and j are inside it, f =1 and the whole 
virial is taken into consideration. If both particles are outside the current slice, 
/ i jf z z z   , and if one of them is in current slice, / 2 i jf z z z   . Three diagonal 
components of the pressure tensor in each slab are given in output. The virial stress tensor 
of each slab and the overall system at the end of equilibration is recorded as the stress 
tensor corresponding to each strain level until 20% strain is achieved. The effective 
elastic moduli are obtained by linear fitting of the stress-strain curve for each material 
system. These procedures make it possible to estimate how the measured stress of the 
loaded material system is distributed inside its interfacial regions and the stress between 
the interfaces is obtained according to the behavior of corresponding slice of the 
simulation system, Fig. 2.9-(b).         
 
2.4.2. Velocity Controlled SMD – Identification of Slippage Threshold 
SMD simulations in the constant speed mode, (Phillips ,Braun et al., 2005), Fig. 2.10-(a), 
are used to pull out the upper inorganic crystals (HAP or CAL) from the substrate 
inorganic crystals (HAP or CAL) to replicate the interfacial sliding process. There are 
two loading directions (Fig. 2.10-(a)): direction along the molecule length (x-axis) and 
direction transverse to molecule length (y-axis). SMD force is applied to the center of 
mass of upper inorganic crystals in a chosen direction. The organic molecules (TC or 






inorganic crystals are fixed on the bottom. Lagevine dynamics is used for temperature 
control. PBCs is applied in the x-y plane in two dimensions, Fig. 2.10-(a), (Singer, 1994).  
 
 
Figure 2.10 (a) A schematic showing of loading condition of the SMD in constant speed 
pulling mode, (b) SMD force as a function of time, (c) displacement of the mass center of 
the SMD structure as a function of time, (d) velocity of the mass center of the SMD 
structure as a function of time 
 
Four simulations are performed with varying spring constants k (=1, 10, 100, 500 
kcal/mol/A2) to determine the appropriate spring constant for each system. The spring 






high as to control the background noise within the specified limits, (Shen ,Guan et al., 
2012). The suitable pulling velocity v should be as small as possible according to an 
earlier study, (Shen ,Guan et al., 2012). Velocity v =0.4 Ǻ/ps is chosen for this study. The 
force applied on the SMD structure is calculated using Eq. (2.5) with k, v and the vector 
of the loading direction, n ,  
 
 .F U   (2.5) 
 






U k vt r n    (2.6) 
 
And r is the displacement of the SMD structure. The force and displacement of the SMD 
structures (upper inorganic crystals) from the output is plotted as a function of time, Fig. 
2.10-(b) and (c). Structural velocity as a function of time is plotted by calculating the 
numerical derivative of the displacement profile, Fig. 2.10-(d). The plots suggest that 
smaller spring constants produced a delay in the peak force value and spring constants of 
1 and 10 kcal/mol/Ǻ2 are not enough to initiate the slippage between the SMD structures 
and the fixed structures. Based on the plots, the entire interfacial sliding process, for 







(1) During t <tsliding, equilibrium exists between the upper inorganic crystal and the 
bottom inorganic crystal.  
(2) At t =tsliding, the applied force reaches the critical force, F0 and the yield stress, τY that 
initiates the slippage between the SMD and fixed structures. This onset of slippage is 
marked by a noticeable increase in the displacement and the velocity of the SMD 
structures.  
(3) During tsliding <t <ttransition, the sliding fully develops into a constant velocity stage. In 
this stage, the velocity of the SMD structure fluctuates and the force slowly reduces 
to a constant value. 
(4) During t >ttransition, during the steady state sliding process the shear force generated 
between the interfaces equals the applied SMD force. The interfacial shear stress 
denoted as the failure stress, τF, can be calculated with the applied force and the 
interfacial area.  
 
2.4.3. Force Controlled SMD – Identification of Interface Viscosity 
A viscoplastic model, (Frankland and Harik, 2003), for interfacial sliding is introduced to 
quantify the interface sliding process and failure in interface region. After the yield stress 
(or critical force), τY (or F0), is reached, the viscoplastic failure of the interfaces is related 





















Here, μ is the shear viscosity of interfacial sliding and d is defined in Fig. 2.11-(c).  
 
 
Figure 2.11 (a) SMD force and displacement of the SMD structure as a function of time 
with a schematic showing of loading condition of the SMD in constant force pulling 
mode, (b) curve fitting of the MD data with the visco-plastic model, (c) velocity profile at 
different time step 
 
Differing from the SMD simulation in the constant speed mode, force is applied to each 
atom of the upper inorganic crystal (HAP or CAL) in the designated direction. The 
applied force is increased incrementally over time. The starting force is smaller than the 
slippage threshold determined from the velocity controlled SMD simulations. The 
organic molecules (TC or CHI) and water molecules in the interface region are free to 






dynamics is used for temperature control, with PBCs applied in the x-y plane in two 
dimensions, (Singer, 1994). The simulation is run for ~5000 steps at each force level. The 
force and displacement as a function of time is plotted in Fig. 2.11-(a).  
To complete the description of the interfacial sliding model, Eq. (2.7) is multiplied by the 


















, is the velocity gradient derived from the SMD simulation. Eq 
(2.8) can be simplified as 
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The velocity of the system, V, is linearly related to the applied force, F. Eq. (2.9) is the 
interfacial sliding model used in our study. Parameter d is the thickness of the interface 
region. The critical force F0 and the slope k can be obtained by fitting the MD data using 












The crystal system is subdivided into slabs along the z-coordinate wherever force is 
applied to determine the velocity gradients. The displacement of each slab at every time 
step, x(t), is measured as the position of the mass center of corresponding slab in the 






















The velocity profile of each slab is obtained by calculating the numerical derivative of the 
displacement for the corresponding slab.  The velocity as a function of z-coordinate at 
different time steps is plotted as shown in Fig. 2.11-(c). The thickness of the interface 
region, d, can be determined from the plot. The yield stress, τY, is calculated from the 
critical force, F0, obtained by the curve fitting, and the interfacial area, A. The shear 
viscosity μ, is calculated using Eq. (2.10) with the curve fitting parameter, k, and the 
thickness of the interface region, d.  
 
As an example, the shear viscosity of the HAP-HAP interface (Fig. 2.11-(c)) is calculated 
as 0.0232 Pa s. The viscosity of the slurries of HAP was reported as ~0.01 – 1.6 Pa s 
earlier, as concluded from earlier experiments documented in (Lelievre ,Bernache-
Assollant et al., 1996), and the viscosity of montmorillonite hydrate was reported as 







CHAPTER 3 INSIGHTS FROM MOLECULAR DYNAMICS SIMULATIONS 
The organic- inorganic interfaces are considered as the chemo-mechanistic origins of high 
performance of biomaterials. This chapter presents a mechanistic understanding of 
interfacial interactions by examining TC-HAP and CHI-CAL material systems discussed 
previously in Chapter 2. In addition to presenting MD results, analyses of the mechanical 
properties (i.e. strength, viscosity) as a function of loading rate using the results from MD 
simulations is presented to bridge our computational work with the experimental 
measurement at the continuum level. 
 
3.1 Stress-Strain Response from NEMD 
It has been shown that the failure of organic- inorganic bio- interfaces is a result of 
combined tensile and shear loading (Dubey and Tomar, 2009c). Visual deformation 
analyses have revealed that inorganic and organic portions individually develop different 
levels of individual strains corresponding to the uniformly imposed external strain. These 
factors together with the observation of ductile failure combined with visual deformation 
analyses, led us to believe that shear stress plays an important role in the failure of 
organic- inorganic interfaces. Accordingly, the effective strength and stiffness of the 







stresses that can effectively describe ductile material failure with an account of shear 
stress dominance. We choose the widely accepted von Mises stress as such measure. The 
von Mises stress values are calculated based on the stress tensor components obtained 
from the simulations. These values are compared with the virial stress values in the 
loading direction and the maximum shear stress for each analyzed interfacial material 
system, (Dubey and Tomar, 2013). The von Mises stress, virial stress in the loading 
direction, the maximum principal shear stress inside the interface region of each system 
and the von Mises stress distribution along z-coordinate of each system can be obtained 
based on the pressure profile calculation method outlined earlier in Chapter 2. 
 
3.1.1. Tropocollagen-Hydroxyapatite Interfaces 
The larger the volume fraction of the brittle inorganic phase (HAP), the more dominates 
the normal stress (virial stress) the deformation mechanism. However, shear interaction 
significantly affects the strength of the organic phase as well as the overall interfacial 
mechanical behavior. The significance of this shear effect increases with increasing 
volume fraction of the interfacial constituent, i.e. with increasing degree of hydration.  
 
At first, we discuss stresses of the interfaces, see Fig. 3.1 for the interfacial von Mises 
stress, the interfacial virial stress in loading direction, and the maximum principal 
interface shear stress as well as for the stress distribution along the z-axis (at elastic strain 
ε =8%) for the TC-HAP interfaces analyzed in the present work with and without the 








Figure 3.1 Plot of the von-Mises (red), virial (green), and maximum shear stress (blue) 
inside the interface region (interface level) as well as the overall (system level) maximum 
shear stress (grey) as a function of strain for the system combined with the stress 
distribution based on the pressure profile calculation along the z-axis for each system (a) 
HAP-TC-HAP loaded in x-axis, i.e. fibril direction, (b) HAP-TC-HAP loaded in y-
direction, i.e. transverse fibril direction, (c) HAP-TC-WT-HAP loaded in x-axis, i.e. fibril 
direction, (d) HAP-TC-WT-HAP loaded in y-direction, i.e. transverse fibril direction 
 
For comparison purposes, system level principal maximum shear stress is also plotted, 
see the grey curve in Fig. 3.1. Interface maximum principle shear stress in the hydrated 
systems, see the blue curves in Fig. 3.1-(c) and (d), is larger than that in the un-hydrated 







inside the interface region (blue curve) is closer to the overall system shear stress (grey 
curve) when water is involved, compare Figs. 3.1-(c) and (d) with Figs. 3.1-(a) and (b). It 
can be concluded that the shear deformation of the material system mainly results from 
the shear inside the interface region. The presence of water increases the effect of the 
interfacial shear and, hence, on the mechanical behavior of the material. The plasticizing 
effect of water is the main reason for this phenomenon, (Dubey and Tomar, 2009d,a; 
Dubey and Tomar, 2013; Meyers ,McKittrick et al., 2013), which reduces the Young’s 









Figure 3.2 Plot of the overall (system level) von-Mises (red), virial (green), and 
maximum shear stress (blue) as a function of strain combined with the stress distribution 
based on the pressure profile calculation along the z-axis for each system (a) HAP-TC-
HAP loaded in x-axis, i.e. fibril direction, (b) HAP-TC-HAP loaded in y-direction, i.e. 
transverse fibril direction, (c) HAP-TC-WT-HAP loaded in x-axis, i.e. fibril direction, (d) 
HAP-TC-WT-HAP loaded in y-direction, i.e. transverse fibril direction 
 
Next, we discuss stresses of the entire material system, see Fig. 3.2 for von Mises stress, 
virial stress in the loading direction, and the overall maximum principal shear stress as 
well as for the stress distribution along the z-axis (at elastic strain ε =8%) of the same 
system as before. Both material systems, i.e. the one with water and the one without 







gradient of the stress between the interface region and top/bottom regions is influenced 
by the presence of water. The overall maximum principal shear stress and the interfacial 
maximum principal shear stress values are found to be close to each other. The 
contribution of the shear stress to material deformation can be quantified by the ratio of 
the shear stress to the von-Mises stress, denoted as δ. Qualitative analysis shows that δc < 
δa < δd ≈ δb, where the indexes refer to Figs. 3.2-(a), (b), (c), and (d). Therefore, a larger 
shear contribution can be correlated to larger ductility of the deformation behavior of the 
material. It can be concluded that the interfacial shear acts as a stopper that mitigates 
propagation of catastrophic failure through the material. The anisotropy in the material 
manifests itself in a deformation behavior which depends on the loading direction (i.e. x-
axis: fibril direction, y-axis: transverse fibril direction), compare Figs. 3.2-(a) and (b), as 
well as Figs. 3.2-(c) and (d). This is attributed to the anisotropy of the TC molecules as 
well as to the shear interaction between the interfaces. Notably, different load orie ntation 
leads to different shear stress carried by TC, compare Figs. 3.1-(a) and (b), as well as Figs. 








Figure 3.3 Snapshots showing failure modes of HAP minerals at peak strains (~ 20% 
strain level) for both x-axis and y-axis loading conditions 
 
To further understand the characteristics of the interfacial and system level stress-strain 
curves shown in Fig. 3.1 and Fig. 3.2, we use VMD (Humphrey ,Dalke et al., 1996) to 
show the snapshots of deformation of the interfacial systems, shown in Fig. 3.3. First, we 
discuss the cases when loading in x-axis. In the case of HAP-TC-HAP(X), it is clear to 
observe the plane of the shear breakage (Dubey and Tomar, 2009d) of HAP platelet, 
which leads to the sudden drop of the strength, at the peak strain. The shear plane is not 
found in the case of HAP-TC-WT-HAP(X). The enhanced shear interaction in the 
hydrated TC interface leads to accumulative slip (or shear breakage) systems in the HAP 







another slip system due to the slip-slip interactions (Parisot, 2000), which leads to the 
increase of the resistance of the shear breakage of the HAP mineral. This deformation 
mechanism results in the higher strength and more ductile behavior of the hydrated TC 
interface (Fig. 3.2-(c) vs Fig. 3.2-(a)). Then we discuss the deformation modes of the 
cases when loading in y-axis. The band-like shear deformation occurs in HAP minerals of 
both TC and hydrated TC interfacial systems due to the inclined boundary of the HAP 
crystal structure. The relevance of the shear banding phenomena is that they precede 
failure (Bigoni, 2012), as a sudden drop of the strength is not observed in the cases. The 
formation of the shear bands leads to the enhanced shear interaction in the interface 
region (Bigoni, 2012), which explains the max-shear stress trend shown in Fig. 3.1-(b) 
and (d), and a decrease in the strength values (Bigoni, 2012), comparing Fig. 3.2-(b) and 
(d) with (a) and (c).   
 
3.1.2. Chitin-Calcite Interfaces 
The elastic constant of the calcite crystal has been reported in the range of 130 – 150 GPa 
(Bhimasenachar, 1945; Peselnick and Robie, 1962; Dandekar, 1968). This value is 
reduced as the organic interface (i.e. CHI) is employed to the analyzed material systems  
in present study since CHI is less stiffer than calcite, i.e. the modulus of chitin nanofibril 
is reported as ~119 GPa along the axial direction and the modulus in its transverse 
direction is only 28 GPa (Nikolov ,Petrov et al., 2010). The simulation systems in present 
work are built by attaching two CAL crystals together (or embedding the organic phases 
inside) which introduces the interface. Shear interaction between the interfaces is 











Figure 3.4 Plot of the von-Mises stress-strain curve for each slab of the CAL-CAL 
system. Image on the upper left corner shows the CAL-CAL system with the 11 slabs 
along z-axis from bottom to top and the stress distribution along the z-coordinate 
 
Stress distribution (at ε= 6%) along the z-coordinate of the CAL-CAL system shown in 
Fig. 3.4 indicates that higher load is shared by the interface region compared to the top 
and bottom regions. A strain value of 6% is chosen as the value corresponding to elastic 
deformation. The stiffness of the pure inorganic system (CAL-CAL) is found to be higher 
than that of the interfacial systems with organic phases (or water). Besides change in the 
atomistic interaction magnitude, the systems with organic phases (or water) also lead to 
reduced interfacial contact area. It has been shown that reduced interfacial contact area 







2013). Furthermore, the non-bonded energy between the inorganic systems is much 
higher than that between the organic and inorganic systems. This will be verified using 
SMD simulations results in next section. This effect of hydration environment on the 
mechanical behavior of biomaterial systems, such as bone has been investigated in earlier 
studies, (Dubey and Tomar, 2013). The focus of the present study is on understanding 
how water molecules affect interface strength. In contrast to previous studies, the present 










Figure 3.5 Plot of the von-Mises (red), virial (green), and maximum shear stress (blue) 
inside the interface region (interface level) as well as the overall (system level) maximum 
shear stress (grey) as a function of strain for the system combined with the stress 
distribution based on the pressure profile calculation along the z-axis for each system (a) 
CAL-CHI-CAL loaded in x-axis, i.e. fibril direction, (b) CAL-CHI-CAL loaded in y-
direction, i.e. transverse fibril direction, (c) CAL-CHI-WT-CAL loaded in x-axis, i.e. 
fibril direction, (d) CAL-CHI-WT-CAL loaded in y-direction, i.e. transverse fibril 
direction 
 
In the material systems where the brittle inorganic phase (CAL) occupies much larger 
volume fraction, normal stress (virial stress) dominates the deformation mechanism. 
However, shear has a significant effect on the strength of the organic phase as well as the 







the interfacial constituent or the hydration condition varies (Buehler, 2006b; Gupta ,Seto 
et al., 2006; Seto ,Gupta et al., 2008). Fig. 3.5 displays the interface level von Mises 
stress, virial stress in the loading direction and the maximum principal interface shear 
stress combined with the stress distribution plot as a function of length along z-axis (at ε=  
6% for un-hydrated systems and at ε= 20% for hydrated systems) for the CHI-CAL 
interfaces analyzed in the present. The strain values are arbitrarily chosen as the value 
corresponding to elastic deformation. System level principal maximum shear stress (grey 
curve) is also plotted for comparison. Interface maximum principle shear stress (blue 
curve) in the hydrated systems (Fig. 3.5-(c) and (d)) is higher than that in the un-hydrated 
systems (Fig. 3.5-(a) and (b)). Moreover, the interface principal shear stress inside the 
interface region (blue curve) is closer to the overall system shear stress (grey curve) in 
hydrated systems (Fig. 3.5-(c) and (d) compared to un-hydrated systems Fig. 3.5-(a) and 
(b)). It can be concluded that the shear deformation of the material system comes 
primarily from the shear interaction inside the interface region. The presence of water 
strengthens the effect of the interfacial shear in determining the mechanical behavior of 
the material. The plasticizing effect of water on collagen based materials has also been 
observed and is predicted to be the primary contributor to this phenomenon, (Gupta ,Seto 
et al., 2006; Dubey and Tomar, 2009d,a; Dubey and Tomar, 2013; Meyers ,McKittrick et 
al., 2013), however, the toughening mechanisms on collagen and chitin are different. In 
hydrated collagen, water intercalates into the structure of the fiber which can reduce the 
Young’s modulus and enhance the shear interactions of the phases (Gupta ,Seto et al., 
2010). The α-chitin structure exhibits 3D hydrogen bonding pattern and the hydrophobic 







2011), and the hydration on chitin causes it to swell like a gel, observed in experimental 
studies (Yamamoto ,Nishimura et al., 2010). Because the structure of α-chitin exhibits 
both significant hydrogen bonding and hydrophobic interactions, the addition of the water 
molecules will have the stiffening effect on the chitin fibers (Yamamoto ,Nishimura et al., 
2010; Beckham and Crowley, 2011). This stiffening effect is verified by the stress-strain 
curve shown in Fig. 3.5-(c) and (d), where both of the stiffness and strength measured by 
the interface level von-Mises stress are higher than ones shown in Fig. 3.5-(a) and (b). 
Next, the stiffening effect on the overall mechanical behavior of the interfacial structures 










Figure 3.6 Plot of the overall (system level) von-Mises (red), virial (green), and 
maximum shear stress (blue) as a function of strain combined with the stress distribution 
based on the pressure profile calculation along the z-axis for each system (a) CAL-CHI-
CAL loaded in x-axis, i.e. fibril direction, (b) CAL-CHI-CAL loaded in y-direction, i.e. 
transverse fibril direction, (c) CAL-CHI-WT-CAL loaded in x-axis, i.e. fibril direction, 
(d) CAL-CHI-WT-CAL loaded in y-direction, i.e. transverse fibril direction 
 
Fig. 3.6 displays (system level) von Mises stress, virial stress in the loading direction, and 
the overall maximum principal shear stress combined with the stress distribution plot as a 
function of length along z-axis of the same systems in Fig. 3.5. The strain values of stress 
distribution are arbitrarily chosen as the value corresponding to elastic deformation. 
These values are for the whole system, in comparison to values only for interface region 
shown earlier in Fig. 3.5. Based on the pressure distribution plots it is clear that hydrated 







hydrated systems undergo lower interface stress (~1.0 GPa).  Furthermore, the gradient of 
the stress between the interface region and top/bottom regions is different. The overall 
maximum principal shear stress and interface maximum principal shear stress values are 
close to each other. Similar to the TC-HAP interfaces, ratio, δ, is used to quantify the 
shear contribution to the overall deformation. Qualitative analysis shows that δb < δa < δd 
< δc, Fig. 3.6. The addition of water is observed to significantly affect the stress 
distribution of the material systems which further leads to significant strain hardening 
effect on the interfacial systems, where shear stress is the dominant of the mechanical 
behavior of the material systems, Fig. 3.6-(c) and (d). Therefore, higher shear 
contribution can be correlated to higher ductility in material deformation behavior.  
 
To further understand the effect of interfaces on the overall mechanical behavior of the 
systems, we use VMD (Humphrey ,Dalke et al., 1996) to show the snapshots of 
deformation of the interfacial systems combined with corresponding stress-strain curve, 
shown left to each plot in Fig. 3.6. In the case of CAL-CHI-CAL loaded in x-axis, it is 
clear to observe the plane of shear breakage of the CAL platelet at the 20% strain level. 
The shear breakage leads to the drop of the axial stress but an increase in the shear stress 
which enhances the contribution of the shear stress, shown in Fig. 3.6-(a). However, the 
interfacial level shear is not the main contributor to the system level shear stress, shown 
in Fig. 3.5-(a), since the shear breakage occurs in CAL minerals not in CHI chains. In the 
case of CAL-CHI-CAL loaded in y-axis, the failure mode is observed as the fracture of 
the CAL mineral at the peak strain, where both of the system level and interface level 







the deformation modes between these two cases could be attributed to two factors. First, 
the CAL crystal structure determines the plane where dislocations (i.e. slip or twinning) 
are easy to initiate. Second, the significant mismatch of the axial mechanical properties 
between CHI (~28 GPa (Nikolov ,Petrov et al., 2010)) and CAL (~140 GPa 
(Bhimasenachar, 1945; Peselnick and Robie, 1962; Dandekar, 1968)) along x-axis can 
lead to the coupled uniaxial and shear deformation, while it is less significant along y-
axis (CHI ~119 GPa (Nikolov ,Petrov et al., 2010) vs CAL ~140 GPa (Bhimasenachar, 
1945; Peselnick and Robie, 1962; Dandekar, 1968)). This is verified by comparing Fig. 
3.5-(b) with Fig. 3.6-(b), where both of interface and system level Virial (uniaxial) stress 
reaches the maximum at the same strain level. In the hydrated conditions, the stiffened 
CHI, outlined earlier, significantly affect the deformation mechanisms. When loaded 
along x-axis, the stiffened interface behaved as the stopper which impede the formation 
and propagation of the slip (or twinning) systems in CAL mineral (Parisot, 2000). Instead, 
the shear band is trying to format at some point. The relevance of the shear banding 
phenomena is that they precede failure and energy is stored through the shear band 
formation (Bigoni, 2012), which explains the strain hardening effect observed in the 
stress-strain curve, Fig. 3.6-(c). The shear band is shown clearly when loaded along y-
axis, Fig. 3.6-(d), and arrows in the snapshot indicate the shear flow. The stiffened 
hydrated CHI interface behaves like a stiffer inclusion under the shear loading (Bigoni, 
2012), the strain is localized through the shear band and stress is transferred by the 
shearing interaction through the interface (Parisot, 2000; Bigoni, 2012). This significant 
shear enhancement effect agrees with both of interface and system level stress-strain 







not as significant as that shown in the un-hydrated conditions since shearing dominates 
the overall deformation and shear modulus of CHI in x-z and y-z plane (~5 GPa and ~8 
GPa (Nikolov ,Petrov et al., 2010), respectively) are on the same level.   
 
3.2 Interface Strength from Velocity Controlled SMD 
 
3.2.1. Load-Displacement Response 
As outlined above, the organic phases carry shear load and this shear interaction plays a 
significant role in determining the overall interfacial mechanical behavior. The SMD 
simulations were performed based on the framework outlined earlier in section 2.4.2 to 
further study the interaction between the inorganic and organic phases. Fig. 3.7 and 3.8 
display the load as a function of displacement of collagen- and chitin-based materials 
obtained from the SMD simulation with k =100 kcal/mol/A2, and v =0.4 A/ps. The 
following conclusions were reached based on the characterization of the sliding process 









Figure 3.7 SMD force as a function of displacement of collagen based materials 
 
 
Figure 3.8 SMD force as a function of displacement of chitin based materials 
 
(1) The yield shear stress of inorganic systems, i.e. HAP-HAP and CAL-CAL (red curve 
in Fig. 3.7 and 3.8) is much higher than that of the systems with organic interfaces or 







by ionic bonding (electrostatic potential energy) and van der Waals (VDW) forces. 
The interfacial mechanics between inorganic-organic interfaces primarily comes from 
the hydrogen bond (H-bond). The ionic bonding is shown to be much stronger (could 
be hundreds of kJ/mol) than the H-bond (5 to 30 kJ/mol (Steiner, 2002)). This leads 
to higher yield stress of the inorganic- inorganic interfacial systems and the higher 
strength of the inorganic- inorganic materials discussed earlier in section 3.1.  
(2) During the transition stage of the sliding process (the third stage described in section 
2.4.2), the force decreases to the steady state force (failure stress, τF) from the critical 
force (yield stress, τY, the breakage of the non-bonded energy between the interfaces 
occurs) in the case of inorganic systems, i.e. HAP-HAP and CAL-CAL (red curve in 
Fig. 3.7 and 3.8), where τY >τF, and the sliding process shows the behavior like brittle 
material. While in the cases of organic interfaces, or in the case of interfaces with 
water, where τY <τF, the force slowly increases from the critical force (yield stress, τY, 
indicated using the red dot in Fig. 3.7 and 3.8), initiating the sliding between the 
SMD crystal and the organic phases or water phase, to the steady state force (failure 
stress, τF, indicated using the red dotted line in Fig. 3.7 and 3.8). The plastic shear 
deformation between the organic phases and the inorganic phases occurs and the 
sliding process behaves like the ductile material. The serrations in the force (failure 
stress) curve during the steady state deformation has been earlier studied using 
multiple models of the atomic scale friction, (Singer, 1994). The transition stage of 
the plastic shear deformation is further characterized using a visco-plastic model of 







(3) Water affects the yield and the failure shear stress. On one hand, water acts as extra 
cross- liking bridge, (Dubey and Tomar, 2013), at the interfaces by leading more 
hydrogen atoms participating in H-bond formation and increases the shear by 
increasing the interfacial contact area. On the other hand, it has been reported, 
(Zhang ,Chippada et al., 2007; Dubey and Tomar, 2013) ,that water may act as 
lubricating agent between the interfaces during the deformation. These two factors 
compete with each other leading to the effect of water on the interfacial sliding 
process, i.e. water may lead to the increase (in the case of CHI-CAL interfaces, Fig. 
3.8) or decrease (in the case of TC-HAP interfaces, Fig. 3.7) of the failure stress, τF.  
 
In order to further characterize the plastic shear deformation of the interfacial shear 
systems, and study the effect of the interfacial strength on the deformation mechanism of 
the materials, the shear viscosity will be discussed further in Section 3.3. 
 
3.2.2. Bridging the SMD- and Experiment-Measured Interface Strength  
Experimental studies (Carter and Hayes, 1976; Goettler and Faber, 1990; 
Brantseva ,Gorbatkina et al., 1999; Chai, 2004; Fritsch ,Hellmich et al., 2009; Zhang ,Pei 
et al., 2014) indicate that the loading rate has non-negligible effect on the strength 
property (e.g. adhesive strength at interface, fracture strength of material etc.). This 
dependence is caused by the fact that a lower loading rate allows more time for thermal 
fluctuation of atoms, increasing the possibility for the atoms to overcome the energy 
barrier and for bond breaking (Zhang ,Pei et al., 2014). Therefore, lower loading rate 







dependence changes as shifting from quasi static to dynamic loading conditions 
(Brantseva ,Gorbatkina et al., 1999). For instance, the adhesive strength of polymer-fiber 
interface is almost constant under quasi static loading (i.e. 0.01 – 1 N/s), and the loading-
rate dependent behavior becomes more significant when the load increasing faster 
(Brantseva ,Gorbatkina et al., 1999).  
 
 
Figure 3.9 Single molecular pulling experiment (Buehler, 2007b), (a) An experiment 
setup based on AFM, (b) a SMD analogue, (c) discrepancy between the AFM- and SMD-
measured pulling force resulted from the large difference between experiment and 
simulation pulling rates 
 
At the nanoscale, the atomic force microscopy (AFM) is used to study the deformation of 
the biological protein materials. External forces are applied to the system through an 
AFM cantilever tip (with a stiffness kAFM) to drive the unbinding of substrates and the 
breaking of the adhesion linkages, Fig. 3.9-(a) (Izrailev ,Stepaniants et al., 1997; Lu and 
Schulten, 1999; Hummer and Szabo, 2003; Buehler, 2007b; Rico ,Gonzalez et al., 2013). 







spring (with a stiffness kSMD) to the system and pulling on the other end with a pulling 
velocity v, Fig. 3.9-(b) (Buehler, 2007b). Thus SMD simulation is usually used to mimic 
the AFM experiment. However, the process simulated with SMD is induced on the 
picosecond nanosecond time scale, which is many orders of magnitude faster than AFM 
experiment. The experimental pulling speed (i.e. 10-13 to 10-7 m/s) (Lu and Schulten, 
1999; Hummer and Szabo, 2003; Rico ,Gonzalez et al., 2013) is too low to be generated 
using SMD simulations (i.e. 10-1 to 102 m/s), Fig. 3.9-(c), which leads to large 
discrepancy between experiment- and SMD-measured strength, i.e. interface adhesive 
strength in current study (measured as the critical force which initiated interface slippage). 
The model developed by (Hummer and Szabo, 2003) allowed us to extrapolate our 
simulation results to the experimental time scale,  
 
 ( / ) .B vF Av Ave C    (3.1) 
 
Here, A, B, and C are coefficients interpreted in terms of activation energy and activation 
volume (Hummer and Szabo, 2003). SMD at different pulling speed (i.e. 10-1 to 102 m/s) 
is performed on the CHI-CAL interfacial systems in three loading directions (i.e. x-, y-, 
and z-axis), Fig. 3.10-(a). The work required by the thermodynamic potential 
(Izrailev ,Stepaniants et al., 1997) for each system can be determined by the extrapolated 
critical force and the interface dimensions, Fig. 3.10-(b). The mode I (z-direction) (shown 







energy for the cohesive zone model is then determined from this, which will be used in 
later studies, Chapter 5.  
 
 
Figure 3.10 (a) Loading conditions for SMD simulations to determine the mode I, II, and 
III critical fracture energy of the interface systems, (b) extrapolation curve fitting to 
obtain the critical force values at lower loading rate from the SMD data, (c) typical load-
displacement curve for mode I SMD simulations at different pulling velocity (i.e. loading 
rate), (d) typical load-displacement curve for shear mode (II or III) SMD simulations at 









3.3 Interface Viscosity from Force Controlled SMD 
The yield shear stress τY is the yield stress of the sliding process described earlier, and it 
is calculated using the visco-plastic interfacial sliding model introduced in Section 2.4.3. 
The failure stress τF is the frictional force during the steady state interfacial sliding 
process, and it is obtained from the results of the SMD simulations presented in Section 
2.4.2. As an example, we here study the von-Mises, the virial stress, and the maximum 
shear stress as functions of the strain, for the HAP-TC-WT-HAP system loaded in the 
direction of the x-axis, see Fig. 3.11. Our analysis includes stress values for the overall 
system (system level), see Fig. 3.11-(a), as well as stress values for the interface region 
(interface level), see Fig. 3.11-(b). The system level and interface level stress-strain 
response for all the other material systems is shown in Appendix A (for the TC-HAP 
interfaces) and Appendix B (for the CHI-CAL interfaces). The interfacial shear strength 
of the material system, σ1, is defined as the peak value of the maximum shear stress at the 
system level, see the blue graph in Fig. 3.11-(a). The mechanical strength of the material 
system, σ2, is defined as the peak value of the von-Mises stress at the system level, see 
the red graph in Fig. 3.11-(a). The shear strength of organic phase (i.e. TC) in the 
material system, σ3, is defined as the peak value of the maximum shear stress at the 
interface level, see the blue graph in Fig. 3.11-(b). The mechanical strength of organic 
phase (i.e. TC) in the material system, σ4, is defined as the peak value of the von-Mises 
stress at the interface level, see the red graph in Fig. 3.11-(b). These definitions will be 









Figure 3.11 (a) plot of the system level von-Mises, virial and maximum shear stress-
strain curve for the system HAP-TC-WT-HAP loaded in x-axis, where, σ1 is the peak 
stress of the max-shear) is the interfacial shear strength of the material system, σ2 (peak 
stress of the von-Mises) is the mechanical strength of the material system, (b) plot of the 
interface level von-Mises, virial and maximum shear stress-strain curve for the system 
HAP-TC-WT-HAP loaded in x-axis, where, σ3 (peak stress of the max-shear) is the shear 
strength of the organic phase of the corresponding material system, σ4 (peak stress of the 




3.3.1. Effect of Viscous Interfaces 
Fig. 3.12-(a) and Fig. 3.13-(a) summarize all of the mechanical strengths for the analyzed 
systems. The lower and upper bound of the shear strength of material systems with 
organic interfaces with or without presence of water could be defined by the yield shear 
stress, τY, and the failure stress, τF. These are used to characterize plastic shear 
deformation, where τY <τF. Fig. 3.12-(a) and Fig. 3.13-(a) displaying yield shear stress (τY), 
failure stress (τF), interfacial shear strength of the material system (σ1), shear strength of 
the organic phases (or WT) (σ3), mechanical strength of the organic phases (or WT) (σ4), 







phase (green line, σ3) lies around the lower bound line of the yield shear stress (blue 
dotted line, τY). As discussed earlier in section 3.1, the organic phase is the main 
contributor of the interfacial shear strength, which is again confirmed in Fig. 3.12-(a) and 
Fig. 3.13-(a) where the interfacial shear strength (grey line, σ1) matches closely with the 
shear strength of organic phases (green line, σ3). However, it is always below the upper 
bound line defined by the failure stress (red dotted line, τF) which is defined as the stress 
that initiates “catastrophic failure” of the interfaces. The mechanical strength of the 
organic phases (yellow line, σ4) usually lies between the lower and upper bound line 
because shear deformation is usually the main contributor to the mechanical behavior of 
organic phases. The points above the upper bound are in the cases of hydrated organic 
interfaces (i.e. TC-WT and CHI-WT). This can be attributed to much higher contribution 
of the shear interaction to the overall behavior as well as higher shear viscosity of the 









Figure 3.12 (a) Stress as function of interfacial structures for collagen based materials (b) 
effective modulus and effective viscosity as a function of interfacial structures of 










Figure 3.13 (a) Stress as function of interfacial structures for chitin based materials (b) 
effective modulus and effective viscosity as a function of interfacial structures of chitin 













The interfacial shear viscosity values reported in this study are on the order of 10-2 Pa s. 
Previous studies have shown that there are two main sources of the viscoelastic behavior 
of biomaterials, i.e. the long and unrestrained polymeric molecules (Vincent, 2012) and 
the rate-dependent gliding effects of crystals along the viscous hydrated interfaces 
(Eberhardsteiner ,Hellmich et al., 2014; Shahidi ,Pichler et al., 2014). The current study is 
focusing on the shear effect of the viscous interface. Once the shear viscosity, μ, of the 
interfaces is calculated, the interfacial material systems can be simply modeled based on 
the Kelvin-Voigt model (Ferry, 1980), i.e. based on a parallel arrangement of a linear 
spring and a dashpot, see Fig. 3.14. In the present case, the stiffness of the pure inorganic 
crystals (i.e. HAP, CAL) is related to the spring with stiffness constant E, and the shear 
viscosity is related to the dashpot with viscosity μ. The effective deformation mechanism 
is influenced by the stiffness E  as well as by the viscosity μ. We define the effective 
stiffness Eeff of the system to quantify the these two properties, which is analogous to the 
idea of the complex stiffness (Cai ,Zheng et al., 2002) introduced to the study of the 
material damping properties. Eeff correlates inversely with the coefficient η, defined as the 






  (3.2) 
 
The larger the value of η, the more significant is the effect of the damping system on the 
overall deformation mechanism, i.e. the more energy dissipates during deformation, the 







material. In our material systems, the effective modulus Eeff is the modulus obtained by 
linear fitting of the stress-strain curve in Section 3.1. There are two factors working 
together to affect η: (i) the contribution of the interfacial shear to the overall mechanical 
behavior of the material systems, which has been discussed in Section 3.1, and (ii) the 
shear viscosity of the interfaces, μ. The former can be quantified as the ratio of the 
interfacial shear strength of the material system, σ1, to the mechanical strength of the 
material system, σ2, denoted as δ. Thus, η should scale proportionally to δ and μ,  
 
 .     (3.3) 
 
Eq. (3.3) is the motivation to define an effective viscosity as 
 
 .eff     (3.4) 
 








  (3.5) 
 
Inspired by the relation (3.5), we study both μeff and Eeff as functions of interfacial 
components for each system of collagen and chitin-based materials, see Fig. 3.12-(b) and 
Fig. 3.13-(b). This confirms the relation (3.5). As expected, the system with larger 







leads to higher interfacial shear stress, based on Eq. (2.7), then larger shear contribution 
in the uniaxial tensile loading condition, discussed in Section 3.1. Both of the factors lead 
to more plastic deformation of the interfacial systems, which agrees with the discussion 
combined the stress-strain curve and simulation snapshots in Section 3.1, therefore, 
results in larger energy dissipation during the deformation and in more ductile behavior 
of the material, which is predicted to be more effective in impeding the progression of 
failure (Meyers ,McKittrick et al., 2013).  
 
Whatever differing mechanisms are observable in the different investigated systems, all 
interfacial shear viscosities reported system are on the order of 10-2 Pa s. The question 
arises whether this value is realistic, or how it may be checked or validated by 
independent computational or experimental results. This is dealt with next. 
 
3.3.2. Continuum Micromechanics Top-Down Access to Interface Viscosity 
In a series of papers (Fritsch and Hellmich, 2007; Nikolov and Raabe, 2008; 
Fritsch ,Hellmich et al., 2009; Eberhardsteiner ,Hellmich et al., 2014; Morin and 
Hellmich, 2014), it has been shown how “universal” mechanical properties of bone’s 
elementary constituents (HAP, TC, and WT with non-collagenous organics), their 
“universal” interaction patterns across multiple length scales, and corresponding 
“universal” composition rules for extracellular bone matrices allow for the prediction of 
the large variety of mechanical properties of different bone tissues observed at the 
macroscopic scale. In this context, the viscoelasticity of interface-penetrated extrafibrillar 







envisioned as interface-penetrated continuum as seen in Fig. 3.15-(h)) were identified 
from downscaling of different, independent macroscopic creep tests: they can be 
characterized by Kelvin-Voigt parameters: a viscosity of ηKV =1.34×105 GPa s, and 
spring stiffness of μKV =179 MPa. We here expand on how to further downscale this bulk 
viscosity value further, to the level of the individual interfaces (appearing as phases in 
Fig. 3.15-(h)). This part follows the work by (Fritsch and Hellmich, 2007; Nikolov and 
Raabe, 2008; Fritsch ,Hellmich et al., 2009; Eberhardsteiner ,Hellmich et al., 2014; 









Figure 3.15 Micromechanical representation of bone material by means of a six-step 
homogenization scheme (Fritsch ,Hellmich et al., 2009): (a) macroscopic bone structure; 
(b) bone microstructure; (c) extravascular bone matrix; (d) extracellular bone matrix; (e) 










Figure 3.16 2D flat, parallel, spherical interfaces embedded in a linear elastic solid 
matrix; 2D sketch of a 3D representative volume element 
 
We employ the recently established matrix- interface representation of hydrated creeping 
materials (Shahidi ,Pichler et al., 2014), depicted in Fig. 3.16. Such materials are 
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 stands for an anisotropic fourth-order creep compliance tensor,  stands 









stands for an anisotropic fourth-order identity tensor, μs stands for shear modulus of the 



















stands for the characteristic creep time. Interaction of various interfaced poly-crystals is 
considered through the Reuss average over all spatial orientations, leading to the 
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 denote the volumetric and the deviatoric part of the symmetric fourth-order 
identity tensor. Analogy between this matrix- interface creep function and the standard 
Kelvin-Voigt creep function, reveals the following identities,  
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Accounting for the shear modulus and the Poisson’s ratio of HAP, μs = 44.9 GPa and νs 
=0.24, and considering an interface radius, a =50 nm yields the interface density 
parameter to be d =0.271 and the interface viscosity to be ηi =1.83×1012 GPa s m-1. In 
order to finally retrieve the bulk viscosity related to the fluid within the interfaces, ηi is 
multiplied by the interface thickness of 1 nm, yielding ηWT =1.83×1012 Pa s. This value is 
14 orders of magnitude larger than the corresponding value obtained from the MD 
simulations, where all viscosities reported for the TC-HAP interfaces are on the order of 
10-2 Pa s.  
 
The most straightforward answer to this relate to the sliding speed of the crystals 
involved, with the water interfaces in between. The MD-based dislocation speed amounts 
to 40 m/s, while the typical interface dislocation speeds can be determined from 
relaxation experiments carried out in the framework of three po int bending tests on bone 
(Salençon, 2001; Iyo ,Maki et al., 2004). The initial maximum normal stress in these tests 
amounts to 32.6 MPa (Eberhardsteiner ,Hellmich et al., 2014). The corresponding 
maximum shear stresses act in planes that are inclined by 45o with respect the cross-
sections of the beam, and they are a factor of two smaller than the maximum normal 
stress (Salençon, 2001) (i.e. the maximum shear stresses amount to 16.3 MPa and they 
refer to the scale of cortical bone material, defined on volumes of typical hundreds of 
microns). Typical stress concentration factors from this cortical scale down to the mineral 
scale of tens of nanometers range from 1.5 to 2.8 (Gupta ,Wagermaier et al., 2005; Almer 
and Stock, 2007; Fritsch ,Hellmich et al., 2009). This yields matrix- interface composite-







microscopic interface shear tractions T are equal to the shear stresses imposed on the 
matrix- interface composite at the time instance of sudden loading (Shahidi ,Pichler et al., 
2014). The interface tractions T (i.e., the surface forces acting on the interfacial planes) 
are related to dislocation rates (ξ) via the following viscous interface law, 
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    (3.10) 
 
Eq. (3.10) specified for interface tractions T ranging from 24 MPa to 45 MPa and for the 
interface viscosity amounting to ηi =1.83×1012 GPa s m-1 suggests that the maximum 
dislocation rates range from 5.3×10-15 m/s to 8.3×10-15 m/s, and this is by 16 orders of 
magnitude smaller than the dislocation rate in the MD simulations. Such a huge 
difference in shear rate felt by the viscous fluid inside the interfaces qualify as the main 
candidate for explaining the viscosity changes: In fact, it is experimentally known for a 
number of different materials (Coussot, 1995; Barnes, 1997; Wagner and Brady, 2009), 
that increasing shear rates lead to decreased viscosities (or thinning) of viscous materials. 
Hence, the mismatch between MD and downscaled results for the viscosity of water 
trapped between hydroxyapatite crystals does not reveal any fundamental shortcomings 
of any of these methods, but rather elucidates the low speed-enhanced, very “glassy” 








3.3.3. Cross Model Transition from MD-Derived to Top-Down-Identified Viscosity 
The viscosities obtained from our MD simulations are also significantly smaller than 
experimental results of somehow related material systems, such as collagen gel with a 
viscosity of the order of 105 Pa s (Barocas ,Moon et al., 1995; Knapp ,Barocas et al., 
1997). It is again the much larger shear rate in MD simulation, which leads to the 
measured smaller viscosity values. Considered as Newtonian fluid behavior, the shear 
rate (  ) dependency of the viscosity (μ) of polymeric molecular structure is quite 
sensitive, i.e. increasing sharply as the shear rate decreases (Pipes ,Coffin et al., 1994; 
Bylund and Pak, 2003; Dealy and Wang, 2013), Fig. 3.17-(a). Due to the computational 
capability of MD simulation, different shear rates varying from 107 to 109 1/sec were 
performed on the HAP-TC-HAP system with one layer of TC molecules. Fitting with the 
widely used power law relation,   
 
 1.nB    (3.11) 
 
This results in viscosity value B =42.49 Pa s and power- law exponent n =0.7034, and 









Figure 3.17 (a) Schematic shown the viscosity of Newtonian fluid as a function of shear 
rate (b) viscosity results of the HAP-TC-HAP system with the applied load in x-direction 
as a function shear rate obtained from the MD simulation   
 
However, it is still not enough to capture the full picture of the viscosity-shear 
relationship, because the shear rate is still much larger than 10-6 to 10-2 1/sec, which is the 
typical order of magnitude for shear rates in creep or stress relaxation experiments, see 
(Franck, 2004; Dealy and Wang, 2013). Such shear rates are way too small to be 
simulated using MD simulation. The current study reports the viscous behavior of the bio 
interface systems at practically infinite shear rate, which can be used to estimate the 
properties beyond the observation range together with the mathematical intrinsic property, 
i.e. zero-shear viscosity, μ0, using the extrapolation methods, such as the cross model 




















Here, μ∞ is the infinite shear viscosity obtained from the MD simulation, C is the cross 
time constant and m is known as the cross rate constant. With the viscosities of collagen 
materials at the lower shear rate from previous studies (Barocas ,Moon et al., 1995; 
Knapp ,Barocas et al., 1997; Newman ,Cloitre et al., 1997) and our infinity shear rate 
viscosity, the cross model parameters are obtained as C =3845.7 s and m =2.002. Fig. 
3.18 displays the viscosity versus shear rate behavior as a plot of log(μ) versus log(  ). 
The cross model extrapolation captures the significant shear thinning behavior of the 
material within the low shear rate region and gives the idea of upscaling the MD viscosity 
results with the decreasing of the shear rate. The overall shear rate dependent viscous 









Figure 3.18 Plot showing viscosity as a function of shear rate; references: Knapp et al. 
1997 (Knapp ,Barocas et al., 1997), Barocas et al. (Barocas ,Moon et al., 1995), Newman 




Collagen and chitin based interfacial material systems have been analyzed using MD 
based simulation method and the plastic shear deformation behavior was characterized 
with the visco-plastic interfacial sliding model. The following conclusions summarize the 
results of the analyses. 
 
1. Inorganic phases in the material systems carry the uniaxial tensile loading while the 
organic phases mainly carry the shear loading. Organic interfacial systems exhibit 
plastic shear deformation, the yield and failure shear stress define the lower and 







and hard phase is responsible for redistribution of stresses and directly affects the 
toughness and strength of the natural materials.  
2. The (hydrated) organic- inorganic interfaces improve the toughness of the biomaterial 
systems by enhance the contributor of the interfacial shear, introducing the viscous 
interfaces and promoting energy dissipation required for viscoelastic deformation to 
prevent the catastrophic failure. 
3. Interfacial strength (of the CHI-CAL interfacial systems) measured by SMD 
simulations shows a highly loading rate dependent behavior, and this behavior can be 
captured using the extrapolation estimation with the SMD data. 
4. Shear viscosity (of the TC-HAP interfacial systems) shows a large discrepancy 
between the MD-derived and the micromechanics- identified (or experimental 
measured values). This is attributed to the highly shear rate dependent behavior of 
viscosity, however, the full picture of this behavior cannot be captured using MD 










CHAPTER 4 MECHANICS OF LAMINATED COMPOSITE WITH ORTHOTROPIC 
LAYERS 
To incorporate the biomimetic strategies to give insight on the interface selection in 
engineered laminated composites, the mesoscale failure analysis (i.e. individual plies are 
modeled as a number of discrete, homogeneous, anisotropic layers) is performed on the 
bio- inspired laminates. Each lamina is made up of the basic organic (i.e. chitin, the fiber) 
and the inorganic (i.e. calcite, the matrix) constituents of the marine exoskeleton 
materials.  
 
Fiber reinforced laminated composites are inherently anisotropic. In this chapter, the 
stress-strain relation of anisotropic elasticity and the effective elastic moduli for 
homogeneous anisotropic solid will be introduced. Specifically, the homogenized method 
to derive the effective elastic moduli from the fiber and matrix properties (Hahn, 1980) 
used in current study is given. Then the classical laminated plate theory with the plane 
stress assumptions will be introduced. Further, the introduction on failure mechanisms of 
laminated composites with the failure criterion used in current study (Hashin, 1980) and 
the analytical description of the free edge problem (Pipes and Pagano, 1970) will be 
given. The introduction of the mechanics of laminated composite follows the work by 







4.1 Engineering Moduli of Anisotropic Materials 
It is a common practice to express elastic material properties in terms of engineering 
moduli which can be measured through the use of simple tension and simple shear tests 
in which only a single stress component is present. For anisotropic materials, a uniaxial 
tension may produce shear strains in addition to normal strains, and a shear stress applied 
in the x-y plane may induce shear strains in the y-z and x-z plane. These extension-shear 
and shear-shear couplings require additional moduli beyond those normally used for 
isotropic materials.  
 
For general anisotropic linearly elastic materials, the compliance matrix can be expressed 
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Here, Ei is the Young’s modulus in the i-direction, Gij is the shear modulus in the i-j 
plane, νij is the Poisson’s ratio measuring the contraction in the j-direction due to uniaxial 
loading in the i-direction. ηij,k is the coefficient of mutual influence which characterizes 
normal strain in the k-direction caused by shear in the i-j plane, ηk,ji is the coefficient of 
mutual influence which characterizes shear in the i-j plane caused by normal stress in the 
k-direction, μij,kl is the coefficient which characterizes shear strain in the k-l plane caused 
by shear stress in the i-j plane. [S] is symmetric thus there exist 21 independent elastic 
constants for the most anisotropic materials.  
 
For fiber reinforced composite lamina, the stress-stain relation is expressed in the local 
coordinate system where 1- is aligned with the fiber direction, 2- is transverse to the fiber 
direction, and 3- is perpendicular to the lamina plane. Fiber reinforced lamina is usually 
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 (4.2) 
 
Or modeled as transversely isotropic material where there is an axis of symmetry 
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The global (x, y, z) coordinate system is obtained from rotating the local coordinate 
system counterclockwise about the 3- or z-axis with a θ angle (i.e. fiber orientation). The 
compliance matrix in the global coordinate system is expressed as,  
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4.2 Effective Elastic Moduli 
Fiber composites are heterogeneous media with distinct phases of fibers and matrix. Due 
to the presence of large numbers of fibers, it is impractical to analyze a composite by 
retaining its distinct phases and their exact geometries. If a composite appears statistically 
homogeneous at large scale, then it may be effectively represented by a macro 
homogeneous solid with certain effective moduli that describe the average material 
properties of the composite. Once these effective moduli are derived, a composite is then 
analyzed as a homogeneous anisotropic solid.  
 
Many methods have been proposed for evaluating effective moduli of a composite, such 
as rule of mixtures and micromechanics approaches. Current study uses the equations 
developed by (Hahn, 1980) which considers the fibers of circular cross section which are 
randomly distributed in a plane normal to the unidirectionally oriented fibers. This 
method was applied to study of the bio- inspired laminated composite, such as crustacean 
exoskeletons (Cheng ,Wang et al., 2008,2009; Cheng ,Thomas et al., 2011). The obtained 
homogeneous solid is transversely isotropic. For several of the elastic constants, they 
have the same functional form (Hahn, 1980),  
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Here, P is specific elastic constant and subscripts f and m denote fiber and matrix, 
respectively. Vf and Vm are volume fractions of the fibers and matrix, respectively. Pf, Pm, 
and η are given in Table 4.1 for composite with orthotropic fiber and isotropic matrix.  
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4.3 Classical Laminated Plate Theory 
Many structural applications of fiber-reinforced composite materials are in the form of 
thin layers or laminates, and the state of plane stress parallel to the laminate can be 
assumed with reasonable accuracy. The stress-strain relation for each lamina with the 
plane stress assumption reduces to  
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Using the transformation matrix, we have the stiffness matrix expressed in the x-y 
coordinate system,  
 
     
T
Q T Q T      (4.12) 
 
For a laminate consists of a number of laminae of different fiber orie ntations, the 
resultant forces [N] and moments [M], Fig. 4.1, is given as  
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Here, the strains of the laminate are continuous over the thickness, and are described by 





xy  and the curvatures x , y , xy  of the mid-surface. And 
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The superscript k refers to the stiffness matrix of the kth ply in the x-y coordinate system, 
and h is the lamina thickness. If loads in terms of [N] and [M] are given, the midplane 
deformation can be obtained from Eq. (4.16). The stresses in the kth lamina are then 
calculated as,  
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4.4 Failure Mechanisms for Laminated Composites 
At mesoscale level, damage mechanisms of laminated composite can be divided into 







in the form of matrix cracking in off-axis plies is usually the first damage mode (Choi 
and Chang, 1992; Bechel ,Fredin et al., 2003). Delamination is considered as the most 
severe fracture mode leading to the catastrophic failure of many advanced laminated 
composite structures (Choi and Chang, 1992; Bechel ,Fredin et al., 2003; Kim and Mayer, 
2003; Rose ,Davila et al., 2013; Grogan ,Brádaigh et al., 2015). 
 
4.4.1. Failure Criteria 
There are two major modes of intra- laminar damage in unidirectional fiber composites, 
i.e. fiber breakage and matrix cracking. The failure condition for each mode is governed 
by the individual state of stress in the fiber and matrix, respectively. Laminated 
composite subjected to tension is the main topic in current study. We choose the 
quadratic criteria derived by (Hashin, 1980) based on 3D stress state as the damage 
initiation criteria for finite element analysis, which has been widely applied in the failure 
analysis of composites (Feerick and McGarry; Hallett ,Jiang et al., 2008; Hallett ,Green et 
al., 2009; Wisnom and Hallett, 2009; Van der Meer ,Sluys et al., 2011). Under tensile 
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with σ22+σ33 >0, where σij represents the current stress state in local directions, i.e. 1- 
denotes the fiber direction and 2- and 3- denote the transverse directions. 
f  and m  are 
the failure indexes in fiber and transverse d irections, respectively. σA is the tensile failure 
stress in fiber direction, σT is the tensile failure stress transverse to fiber direction, τA is 
the axial failure shear, and τT is the transverse failure shear (Hashin, 1980). 
 
4.4.2. Free Edge  
The major causes of delamination could be the linking of microcracks in adjacent plies 
and the free edge issues (Pipes and Pagano, 1970; Pipes, 1972). In classical laminated 
theory (CLT), the stress components in the through-thick-thickness direction (out-of-
plane) are assumed to be zero. Although this is normally a valid assumption, there 
circumstances where substantial inter- laminar stresses are present and may cause 
delamination.  
 
Free edge delamination is caused by the material discontinuitie s at the interface between 
plies of different fiber orientations. The adjacent plies have different normal-shear 
coupling or Poisson’s ratios or possible both. When bonded, inter- laminar shear stresses 









Figure 4.2 Schematic showing angle-ply under tension and the RVE with 3D stress state 
 
Another way to look at the out-of-plane stress induced at free edges is to consider the 
equilibrium equation (consider the angle-ply under uniaxial tension, Fig. 4.2) (Pipes and 










Since σx is uniformly distributed along x-coordinate and the in-plane shear must vanish 
















This suggests that the required gradient be non-zero near the free edge. Thus it can be 
concluded that the inter- laminar stress occurs near free edge. However, an exact solution 
of the free-edge problem is not available till date. Complexity of the problem and the 
singular nature of the stresses at the free-edge make numerical methods, such as finite 
element (Whitcomb ,Raju et al., 1982; Sun and Zhou, 1988) and finite difference (Pipes 
and Pagano, 1970) methods, more attractive than analytical methods. The reliability of 
the displacement based finite element method has been has been confirmed in earlier 
studies (Whitcomb ,Raju et al., 1982). Finite element analysis is used in current study to 








CHAPTER 5 FINITE ELEMENT FRAMEWORK AND METHODOLOGY 
Recent developments on finite element models capable of predicting both intra- laminar 
and inter- laminar failure in composites have used the XFEM for matrix microcracks and 
the CZM for delamination (Hallett ,Jiang et al., 2008; Iarve ,Gurvich et al., 2011; Van der 
Meer ,Sluys et al., 2011; Rose ,Davila et al., 2013; Grogan ,Brádaigh et al., 2015). In 
current study, finite element analysis with ABAQUS (Manual, 2013) are performed on a 
series of notched and un-notched (for free edge study) chitin-calcite bio- inspired 
laminated composites. Both fracture modes (intra- and inter- laminar failure) and free 
edge problems are taken into account to study the interface effect on the failure behavior.  
 
5.1 Introduction to Fracture Mechanics 
Fracture mechanics principles are commonly employed for the prediction of fracture in 
laminated composite. There are two basic approaches to establish fracture criteria, i.e. the 
crack tip stress field approach and the energy approach. The stress field at the crack tip 











cos 1 sin sin ,
2 2 22
1 1 3
cos 1 sin sin ,
2 2 22
1 1 3














   

   












KI is the stress intensity factor. In the linear elastic fracture mechanics approach, crack 
growth is predicted when KI reaches its critical value KIC which is the material property 
(Irwin, 1997).  
 
The energy approach was first adopted by (Griffith, 1921). Considering a two 
dimensional elastic body with an initial crack length of a, (Griffith, 1921) states that the 
energy dissipated in the cracked body is used to create new crack surface,  
 
 2 .Cd da    (5.2) 
 
Here, П is the potential energy and γC is the surface energy. The release of the potential 
energy per unit area is known as the energy release rate, G, which is referred to as the 















Then the crack growth is predicted when G reaches its critical value, GC, which is the 
material property,  
 
 2 .C CG G    (5.4) 
 
This approach successfully explained the physical mechanism of brittle fracture. 
However, it is not applicable for metals where the increased surface energy during 
fracture is in principal negligible compared to the energy dissipated by the plastic 
deformation near the crack tip.  
 
5.2 The Cohesive Zone Model 
The cohesive zone model (CZM) was introduced to remove the stress singularity at the 
crack tip (Dugdale, 1960; Barenblatt, 1962). The cohesive zone is idealized as two 
cohesive surfaces (i.e. upper and lower), Fig. 5.1-(a), which are held together by a 
cohesive traction. The cohesive traction, σ, is related with the relative displacement 
(separation), δ, of the cohesive surfaces by a cohesive law (Sun and Jin, 2012). Subject to 
external loads, the cohesive surfaces separate gradually and the traction varies as a 
function of the separation governed by the cohesive law, Fig. 5.1-(b). The failure of the 
material is characterized once the critical value of the separation reaches. Different 
cohesive laws can be categorized as, based the softening responses, linear softening 
model which is often used to described the progressive failure in some quasi-brittle 







crack growth in ductile metals (Rose ,Ferrante et al., 1981), and piece-wise linear model 
for elastic-plastic solids (Tvergaard and Hutchinson, 1992), etc..  
 
 
Figure 5.1 (a) Schematic showing of the cohesive zone model, (b) traction-separation 
relation for bilinear cohesive law 
 
The CZM was first introduced to a finite element work by (Needleman, 1987) and has 







Spearing et al., 1998; Fratzl and Weinkamer, 2007; Meyers ,Chen et al., 2008). We adopt 
the bilinear traction-separation law for the interfacial fracture in current study. Fig. 5.1-
(b) shows the parameters required to define the interfacial cohesive properties: an initial 
elastic stiffness K0, a cohesive strength σ0, and a critical separation δc, or the critical 
energy GC =1/2σ0δc. Subject to an opening stress σ, the interface opens elastically until 
the stress reaches the cohesive strength σ0, at which point damage initiation occurs. A 



















Here, δ0 = σ0/K0 is the critical separation for damage initiation. The opening stress is 
related to the separation linearly when the interface is partly damaged (0 <D <1, i.e. point 
B in Fig. 5.1-(b)), Eq. (5.6),  
 
 0(1 ) .D K    (5.6) 
 
And D =1 indicates that the interface is fully damaged, i.e. the separation reaches the 
critical value, δC.  
 
The use of the cohesive finite elements (CFEM) can predict both initiation and 







progressive delamination using CFEM, such as the proper definition of the stiffness o f 
the cohesive layer, the requirement of mesh refinement, the convergence issues, etc. 
(Turon ,Davila et al., 2007). An engineering solution to overcome the difficulties is given 








  (5.7) 
  
Here, E3 is the through-the-thickness Young’s modulus of the material, h is the ply 
thickness, and α is chosen based on the criteria, i.e. the stiffness should be large enough 
to provide a reasonable stiffness but small enough to reduce the risk of numerical 
problems (Turon ,Davila et al., 2007), usually α >50 is taken. It is shown that the analysis 
is not very sensitive to the cohesive strength since delamination is energy controlled  
(Turon ,Davila et al., 2007; Hallett ,Jiang et al., 2008; Ramamurthi ,Lee et al., 2013). The 
critical traction values can be adjusted based on the mesh size and the critical fracture 










   (5.8) 
 
Here, E is the Young’s modulus, Ne is the number of elements in the cohesive zone, and 









5.3 Extended Finite Element Method 
XFEM is an extension of the classical finite element method, which allows modeling of 
arbitrary crack propagation which is independent of the underlying finite element mesh 
(Belytschko and Black, 1999; Dolbow and Belytschko, 1999; Sukumar ,Moës et al., 
2000; Moës and Belytschko, 2002). The presence of discontinuities is ensured by the 
special enriched functions in conjunction with additional degrees of freedom (Manual, 
2013). XFEM has been proved to be a very effective way to simulate initiation and 
propagation of the intra- laminar crack along an arbitrary, solution dependent path, caused 
by fiber or matrix failure in composites (Iarve ,Gurvich et al., 2011; Van der Meer ,Sluys 
et al., 2011; Rose ,Davila et al., 2013; Grogan ,Brádaigh et al., 2015).  
 
The core of XFEM is the enrichment technique by using special function and adding 
extra degrees of freedom. These can be done by adding singular terms and discontinuous 
terms which considers the jump of the displacement in an element which break into two 
parts. The formulation of the displacement field in XFEM is given as  
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In Eq. (5.9), the first term on the right side represents the classical finite element 
approximation for the displacement field, where N(x) is the shape function and uj is the 
regular degrees of nodal freedom. The second and third term combined represents the 









Figure 5.2 Schematic illustration of the crack body and crack tip enriched element in 
XFEM framework 
 
The second term represents the enrichment approximation which takes into account the 
existence of any discontinuities, i.e. when element fully cut by crack (crack propagation), 
see Region A in Fig. 5.2, where H(x) is the Heaviside enrichment term. The third term is 
the enrichment function used for the element with crack tip, i.e. when element partially 
cut by crack (stationary crack), see Region B in Fig. 5.2, where F(x) is given in polar 
coordinate system (r, θ) in Eq. (5.10) 
 
  , sin , cos , sin sin , sin cos .
2 2 2 2
lF r r r r r







5.4 Finite Element Simulation Setup 
Progressive damage analysis of the two-adjacent-ply structure from the biomimetic 
“helicoidal structure” (Raabe ,Al-Sawalmih et al., 2005; Cheng ,Wang et al., 2008) and 








(Kim and Mayer, 2003) is performed through the finite element modeling using a 
combined XFEM and CZM methodology in ABAQUS (Manual, 2013).  
 
5.4.1. Materials 
The bio- inspired laminate is made up of the basic organic (i.e. CHI, the fiber) and 
inorganic (i.e. CAL, the matrix) constituents of the marine exoskeleton materials. There 
is a lack of good experimental data for the theoretical mechanical properties of each 
lamina from the microstructure of the marine exoskeleton. The elastic constants and 
failure properties of each lamina are determined according to the following. The matrix 
(i.e. CAL) is assumed isotropic (Zhao ,Zhou et al., 2009) with bulk modulus K =72.4 GPa, 
shear modulus G =35.6 GPa, Poisson’s ratio ν =0.29 and Young’s modulus E =91.8 GPa. 
The orthotropic elastic constants of chitin fibers are determined from the stiffness tensor 
of α-chitin obtained with DFT calculations (Nikolov ,Petrov et al., 2010). 
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Table 5.1 Engineering constants for the homogeneous CHI-CAL composite lamina (GPa) 
E1 E2 E3 G23 G13 G12 ν12 ν13 ν23 
110 29.5 29.5 10.5 8.9 8.9 0.096 0.096 0.12 
 
5.4.2. Intra-laminar Fracture with XFEM 
The approach of modeling moving cracks in ABAQUS is based on cohesive segments 
method (Manual, 2013). Phantom nodes are introduced to represent the discontinuity of 
the cracked elements, where real and corresponding phantom nodes separate when the 
prescribed fracture criterion has been satisfied (Manual, 2013). The linear elastic traction-
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Here, σn is the normal component of the stress traction vector and σs and σt are the two 
shear tractions along local 1- and 2- directions, respectively. Knn, Kss and Ktt are the 
stiffness components that relate the tractions to element separations, i.e. δn, δs, δt. The 
initiation and evolution of damage based on mixed-mode fracture follows the initially 
linear elastic behavior defined by the traction-separation model. The damage initiation 
criterion is defined by incorporating a user subroutine UDMGINI (Manual, 2013) based 
on Eq. (4.16) and (4.17). Failure Index 1 is defined as fiber failure and Failure Index 2 is 








strength values of CHI (fiber direction) and CAL (transverse direction) (Joffe ,Hepburn et 
al., 1975; Gao, 2006; Bonderer ,Studart et al., 2008; Meyers ,McKittrick et al., 2013; 
Oh ,Shin et al., 2013), and the shear strength are assumed as half of the normal strength 
values. For the present study, if failure index 1(fiber failure) is initiated the crack will 
propagate in the local 2- direction, perpendicular to the fiber direction. However, if 
failure index 2 (matrix failure) is initiated the crack will propagate in the local 1- 
direction, parallel to the fiber direction (Feerick and McGarry; Hallett ,Jiang et al., 2008; 
Hallett ,Green et al., 2009; Wisnom and Hallett, 2009; Iarve ,Gurvich et al., 2011; Van 
der Meer ,Sluys et al., 2011; Grogan ,Brádaigh et al., 2015). The mixed-mode damage 
evolution is based on the critical energy release rate following the power law failure 
criterion (Feerick and McGarry; Hallett ,Jiang et al., 2008; Hallett ,Green et al., 2009; 
Wisnom and Hallett, 2009), 
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GIC, GIIC, and GIIIC are critical energy release rates for pure mode I (opening), mode II 
(shear) and mode III (shear), respectively, corresponding to the areas under the pure 
mode traction displacement curves. We estimated an isotropic energy for each mode 
based on the theoretical surface energy values reported for CHI and CAL 
(Weiss ,Siegesmund et al., 2002; Cunha ,Fernandes et al., 2008). γ (i.e. 1~2) is an 
empirical parameter derived from mixed-mode tests, which is taken as 1 in present study 








Hallett, 2009). The input of failure properties for damage model in XFEM framework is 
summarized in Table 5.2. 
 
Table 5.2 Strength properties used for intra-laminar XFEM model 
σA τA σT τT GI, II, III γ 
1 GPa 0.5 GPa 0.4 GPa 0.2 GPa 0.54 J/m2 1 
 
The critical stress intensity factor (SIF) (in the local coordinate system) for the intra-
laminar fracture is calculated with the stress component from the crack tip at the crack 
propagation instant, at which crack starts to extend (Lecheb ,Nour et al.; Gigliotti, 2012), 
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Here, σ is the stress solution at the crack vicinity obtained from the stress field of FEM 
simulations, in the case of fiber failure mode σ =σ11, and in the case of matrix failure 
mode σ =σ22, d is the distance between the crack tip and enrichment singular nodes was 
obtained by simulations, and θ is the angle from the off-axis loading direction to the 









5.4.3. Inter-laminar Fracture with CZM 
The surface based cohesive zone model (SCZM) in ABAQUS is used to simulate the 
separation of the two plies with initially-bonded interfaces which are assumed to be of 
negligible thickness (Manual, 2013). The generalized traction-separation behavior which 
is similar to the Eq. (5.12) is implemented for the pair of surfaces between the adjacent 
plies. The proper stiffness values were adjusted based on Eq. (5.7) (Turon ,Davila et al., 
2007). The damage initiates when the mixed-mode quadratic traction criterion (Feerick 
and McGarry; Hallett ,Jiang et al., 2008; Hallett ,Green et al., 2009; Wisnom and Hallett, 
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Here, Tnc, Tsc and Ttc define the critical values of the traction components in normal, first 
shear (1-), and second shear (2-) directions, respectively. The ‘< >’ brackets are used to 
signify that a purely compressive stress state does not initiate damage (Manual, 2013). 
The critical traction values are adjusted based on the mesh size and the critical fracture 
energy with Eq. (5.8) (Turon ,Davila et al., 2007). The damage evolution is based on the 
critical fracture energy following the power law failure criterion, which is same as Eq. 
(5.13) with γ =1 (Feerick and McGarry; Hallett ,Jiang et al., 2008; Hallett ,Green et al., 









To study the interface effect on the failure behavior of the laminated composite, different 
types of bio-interfaces, i.e. CAL-WT-CAL, CAL-CHI-CAL, CAL-CHI-WT-CAL 
(introduced in Chapter 2), are inserted between the two plies. The critical fracture energy 
is derived using the method discussed earlier in Section 3.2.2. Details for each type of 
interface are given in Table 5.3. 
 
Table 5.3 Fracture energy and critical tractions for the three types of interface used in 
current study 
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5.4.4. Structures and Dimensions 
Laminates with single dispersed piles of each orientation failed by fiber fracture, however, 
for thicker ply blocks, delamination was shown to be important failure mechanism 
(Hallett ,Jiang et al., 2008; Hallett ,Green et al., 2009; Wisnom and Hallett, 2009). 
Therefore, relatively thick ply thickness is used in the current studies. The two-ply-block 
laminates with layup [(ϕinc-θmis/2)/(ϕinc+θmis/2)] are studied (Kim and Mayer, 2003; 
Hallett ,Jiang et al., 2008; Hallett ,Green et al., 2009; Wisnom and Hallett, 2009). The 
structures are designed based on various mismatch angles (θmis) and incline angles (ϕinc). 
The mismatch angle is defined as the angle difference between the first ply and second 
ply, and the incline angle is defined as the angle from the global X-axis to the bisection of 
the mismatch angle as defined in Fig. 5.3-(b). The structures simulated in the current 
study represented with different combinations of θmis and ϕinc are listed in Table 5.4. A 
finite model of each structure with the dimension 60μm (l) x15μm (w) x 1.8μm (2h) (ply 
thickness h =0.9μm), Fig. 5.3-(a), is built with ABAQUS SCZM and XFEM incorporate 
with UDMGINI user subroutine. A static loading condition, uniaxial displacement 
boundary condition in X-axis, is applied on the end of the structure (UX ≠0, as shown in 
Fig. 5.3-(a)). Each ply block is modeled with reduced integrated eight-node brick 
elements (C3D8R) with uniformly fine mesh (59700 elements for each ply) to reduce the 
risk of the convergence problem and obtain the accurate solution of the stress field 













Figure 5.3 (a) A schematic showing of loading condition and dimension of the structure, 














Table 5.4 List of the lay-up of the two-ply-structure in the current study with different 
combinations of mismatch and incline angles 
Structures Mismatch Angle (θmis) Incline Angle (ϕinc) 
[0o/30o] 30o 15o 
[30o/60o] 30o 45o 
[60o/90o] 30o 75o 
[30o/-30o] 60o 0o 
[0o/60o] 60o 30o 
[30o/90o] 60o 60o 
[60o/-60o] 60o 90o 
[30o/-60o] 90o 15o (75o) 










CHAPTER 6 INSIGHTS FROM FINITE ELEMENT SIMULATIONS 
This work presents a prediction of the fracture properties (e.g. energy rele ase rate, stress 
intensity factors, etc.) of the laminated composites with biological material constituents 
(marine exoskeleton) and organic (chitin)- inorganic (calcite) interfaces subjected to 
uniaxial tensile loadings. Results from finite element simulations are presented in this 
chapter. Analyses indicate that interface has significant effect on the delamination 
strength as well as the intra- laminar fracture resistance. Theoretical predictions for the 
interfacial fracture resistance based on the phase angle of mode mix are derived to 
illustrate the interface effect. Further, the concept of interface database system, which 
quantitatively relates the interface property – performance of laminated composites – 
structural parameters, is proposed. 
 
6.1 Global Response 
The engineering stress-strain relation for each structure with three d ifferent types of 
interfaces is calculated from the load-displacement data obtained from the simulations. 
The stress-strain curve for the [30o/90o] structure with the simulation snapshots of 
progressive intra- laminar and inter- laminar failure is shown in Fig. 6.1. The first cracking 








snapshot, Fig. 6.1-(a). Then delamination area is formed with the growth of the intra-
laminar crack propagation. As the stress increases, the second cracking initiation occurs 
in the 0o ply, of which the mode is fiber failure according to the simulation snapshot, Fig. 
6.1-(b). At the last stage, a significant drop in the load occurs with the debond of the 
interface and the breakage of each ply (Fig. 6.1-(c)) just after the point of maximum 
strength. For all the simulated structures, the curves exhibit drastic drops after the 
maximum loading point, and this is a characteristic of the propagation instability 
phenomenon reported generally in shear mode of fracture (mode II) (Benzeggagh and 










Figure 6.1 Engineering stress-strain curve for the [30o/90o] example with simulation 
snapshots for the progressive damage in the laminated structure (a) matrix crack on the 
90o ply, (b) fiber failure on the 30o ply, (c) the final status of the damage process 
 
The strength for each structure is measured as the maximum engineering stress from the 
stress-strain curve. Fig. 6.2 shows the strength as a function of the incline angle for 
different mismatch angle structures with the three types of interfaces. According to the 
current simulation, the failure mode of 0o and 30o plies was predicted as the fiber failure 
and the failure mode of 60o and 90o plies was predicted as the matrix crack. At θmis =30o, 
as the incline angle increases the corresponding structures are [0o/30o], where both of 
constituent plies failed under the fiber failure mode, [30o/60o], where one of the 








mode, and [60o/90o], where both of the constituent plies failed under the matrix crack 
mode. Therefore, as expected the strength decreases with increasing of the incline angle, 
Fig. 6.2-(a). Similarly, different combinations of failure modes of the constituent plies 
lead to the variations of the strength of the structures as the function of incline angle at 
θmis =60o and 90o, Fig. 6.2-(b) and (c). However, there is no significant effect of interface 








Figure 6.2 Strength vs incline angle with different types of interface (a) mismatch angle =30o, (b) mismatch angle =60o, and (c) 










6.2 Local Response 
 
6.2.1. Delamination Resistance and Influence of Interface 
In the current study, the delamination process was simulated with SCZM. The nodal 
variable, 0≤ CSDMG (i.e. damage parameter defined in Eq. (5.5)) ≤1, was used to 
quantify the delamination damage evolution status. Once the CSDMG reaches 1 the 
cohesive surfaces will be fully separated and there will be no stress transferred through 
the interface.  
 










Table 6.1 shows the delamination shape (red area) for all the studied structures with three 
types of interfaces at the final state. The delamination shape varies according to the fiber 
direction and the failure modes resulting from the mismatch and incline angles. Several 
structures (i.e. [30o/60o], [30o/-30o]) exhibit large delamination area due to free edge 
issues (Pipes and Pagano, 1970), which will be addressed in section 6.3. Generally, three 
cases of delamination shape are considered. Fig. 6.3 (a)-(c) show schematics of typical 
delamination shapes. When both of the plies exhibit the same failure mode, i.e. the crack 
paths are on the same side of the central line, the delamination shapes are smaller triangle 
shapes, Fig. 6.3-(a), such as [0o/60o], [30o/90o], etc.. When the two plies exhibit different 
failure modes (one is fiber failure and one is matrix crack) or in the cases of angle-ply (i.e. 
[60o/-60o]), i.e. the crack paths are on different sides of the central line, the delamination 
shapes are larger triangle shapes, Fig. 6.3-(b), such as [30o/60o] etc.. When the cracks 
propagate along the same path on both of the plies, the delamination area is much smaller 
than the other two cases, such as [0o/90o] and [30o/-60o]. The triangle area is related to the 
delamination fracture toughness and could be used as an indicator of the trend of the 
fracture toughness. Assuming plies with fiber orientation larger than 45o fail under matrix 
crack, Fig. 6.3-(d) shows the variation of the delamination triangle area as a function of 
the incline angle analytically based on the above discussions when mismatch angle θmis 
=30o. The discontinuity and the variation affect the delamination resistance, which is 










Figure 6.3 A schematic (a), (b) and (c) showing three typical cases of delamination shape, 
(d) analytical prediction for the delamination area as a function of incline angle for the 
structures with the mismatch angle =30o 
 
In the current analysis, the energy release rate (ERR) due to delamination is calculated 
based on the energy balance consideration of the whole model. The strain energy is 
dissipated due to the intra-laminar crack propagation and the inter- laminar delamination 
process. Thus the ERR for interface, Гi, to drive delamination can be determined from the 









   (6.1) 
 
Here, ALLDMD is the total dissipated energy obtained from simulations, ГP is the critical 
ERR for intra- laminar fracture, ГP =GI,II,III =0.54 J/m2, based on Table 5.2. AD is the 








laminar crack surface area, which can be estimated by AP =h(s1+s2), where h is the ply 
thickness, s1 and s2 are the lengths of the crack path for the two plies determined from 
simulations. Fig. 6.4 shows the plot of Гi as a function of incline angle for different 










Figure 6.4 Energy release rate for delamination (Гi) as a function of incline angle (ϕinc) with different types of interfaces for (a) 
mismatch angle =30o, (b) mismatch angle =60o, and (c) mismatch angle =90o. Tables on the top list the laminated structures presented 









The dependence of the incline angle (ϕinc) of the ERR (Гi) is much more complicated than 
that of the strength. One could be predicted as follows. Since the ERR for intra- laminar 
fracture is much lower comparing with delamination ERR in the current studies, the 
delamination ERR could be approximated as the ratio of the total strain energy of the 
structure to the delamination area. The structure exhibits linear elastic behavior till failure 
as observed from the stress-strain curve shown in Fig. 6.1. The total strain energy can be 
estimated as  
 
 .U eV  (6.2) 
 
Here, V is the volume of the structure and e is the strain energy density which can be 













  (6.3) 
 
Here, h is the ply thickness, σX is the maximum strength which can be determined based 
on Fig. 6.2. A11 is the extensional stiffness of the laminate structure, 
 
 (1) (2)11 11 11( ) .A Q Q h   (6.4) 
 
(1)
11Q  and 
(2)
11Q  are the elastic constants of first and second ply in the global coordinate 








area could be analytically approximated based on the analysis shown in Fig. 6.3. Fig. 6.5 
shows the analytical approximations of ERR for delamination for the structures with 
different θmis. The trend agrees with the results obtained from simulations, Fig. 6.4(a)-(c). 
 
 
Figure 6.5 Analytical approximation of the energy release rate for delamination (Гi) as a 
function of  incline angle (ϕinc) for the structures with mismatch angle =30o, 60o and 90o 
  
To further look into the influence of the interface, Гi will be derived analytically from the 
perspective of mode mix and cohesive zone model. In current study, we adopt the bilinear 
traction-separation law for the interfacial fracture, described in Section 5.2. Consider the 
3D stress state in current study, the critical magnitude of the traction vector at the damage 
initiation depends on ratio between the shear and normal tractions applied on the 




























Here, τX and τY are two shear tractions along X- and Y- directions, respectively, and σZ is 
the out-of-plane normal traction. The magnitude of the effective traction vector is 
 
 
2 2 2 .m Z X Y Z X Yp q r             (6.6) 
 












































Then the effective interface strength, σi, for damage initiation can be determined by 
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Tnc, Tsc and Ttc define the critical values of the traction components given in Table 5.3. 
 
Since the separation is linearly related with the traction and the initial stiffness K0 is 
identical for the normal and shear deformation, the ratio between the two separations is 
identical to the ratio between the two tractions, we have 
 
 
2 2 2 .m Z X Y Z X Yp q r             (6.9) 
 
The effective critical separation for fully damaged interface is denoted as δmc. At the 
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Figure 6.6 Energy release rate (Гi) for interface failure with the variation of the two phase 
angles for mode mix (ψ1, ψ2) for different types of interface 
 
With the fracture energy given in Table 5.3, we plot Гi as a function of mode mix ψ1 and 
ψ2  (from 0 to π/2) using Eq. (6.12), which lies between 2 – 14 J/m2, shown as Fig. 6.6. 
Different structures result in different mode mix because of the elastic mismatch of the 1st 
and 2nd ply. Generally, type I interface gives the highest Гi, and type II and III may have 
intersections for some specific combinations of ψ1 and ψ2, which agrees with the 
simulation results, Fig. 6.4. For the structures shown in Fig. 6.4-(c), simulation results 
show the discrepancy, where the type III interface gives the highest Гi. Several factors 








through the main intra- laminar crack propagation, however there are microcracks 
generated during the loading process without taking into consideration. The intra- laminar 
cracks propagate along the same path on both of the plies for the structures shown in Fig. 
6.3-(c), and this leads to the much smaller delamination area which may not be 
determined accurately based on the nodal output. However, application of Eq. (6.12) 
requires the local stress profile. In current study, the mode mix is affected by intra-
laminar fracture, and it may vary along the interface (from element to element) and 
change during the loading process. Therefore, application of Eq. (6.1) is a better way to 
determine the driving force for delamination. Eq. (6.12) will be used to determine the 
driving force for free edge delamination (non-notched structure) in Section 6.3, where we 
assume the mode mix to be constants along the interface during the loading process.  
 
6.2.2. Constraint Effect on Intra-laminar Fracture Resistance 
The definition of the constraint effect in laminated composite was defined in (Talreja, 
1985; Singh and Talreja, 2008,2010), i.e., if plies of some other orientation are bonded to 
the unidirectional ply or plies, they constrain the response of the unidirectional material 
accordingly. In earlier works, the effective moduli with presence of transverse cracks 
were predicted (Talreja, 1985; Sun and Liao, 1990; Singh and Talreja, 2008,2010) and 
the crack opening displacement was calculated accounting for constraint effect (Singh 
and Talreja, 2008). The fracture parameters, such as ERR, stress intensity factor (SIF) 
and crack propagation speed etc., were used to assess the performance of the bonded 
structures (Ratwani, 1977b,a,1979; Sun ,Klug et al., 1996; Hwu and Derby, 1999; 








with account of substrate penetration and interface debonding have been given in series 
studies by Suo (Hutchinson and Suo, 1992; Ye ,Suo et al., 1992), Beuth (Beuth, 1992), 
Huang (Huang ,Prevost et al., 2002; Mei ,Pang et al., 2007; Mei ,Gowrishankar et al., 
2010) and coworkers. In current study, the SIF (in local coordinate system) was 
determined along with the crack extension at the bonded-side of each ply in the laminated 
structures to study the constraint effect on the fracture resistance.  
 
 
Figure 6.7 (a) Mode I and mode II stress intensity factors as a function of ply orientations, 
(b) Mode I stress intensity factors for different plies along crack extension   
 
We calculated the SIF of non-bonded 0o, 30o, 60o, and 90o plies for comparison. Fig. 6.7-
(a) shows the variation of the initial mixed mode SIF as a function of the fiber orientation 
of non-bonded plies. According to Eq. (5.14), KI varies as sine function and KII varies as 
cosine function, which agrees with the earlier studies (Lecheb ,Nour et al.; 
Delale ,Bakirtas et al., 1979; Ju, 1996; Huang and Kardomateas, 2001; Ozkan, 2003). Fig. 








The values lie around the material properties, σA(2πd)1/2 for fiber failure (0o and 30o plies) 
and σT(2πd)1/2 for matrix failure (60o and 90o plies), where σA and σT are axial and 
transverse strength given in Table 5.2. The average of KI with the crack extension for 
each non-bonded ply is denoted as KIC for crack growth.  For the constrained ply, the 
average of mode I SIF is calculated as Kg used to estimate the crack growth resistance. 
The ratio, Kg/KIC, is used to quantify the constraint effect on crack growth resistance. 
 
 
Figure 6.8 Simulation snapshots (a) structure with intra-laminar crack, (b) intra-laminar 
crack propagation with curved shape crack front, (c) intra-laminar crack coupled with 
interface debonding and substrate penetration 
 
The 3D FEM simulations show the channel crack (Beuth, 1992; Hutchinson and Suo, 
1992; Ye ,Suo et al., 1992; Huang ,Prevost et al., 2002; Mei ,Pang et al., 2007) extension 
with the curved shape crack front (Fig. 6.8-(b)) for the intra-laminar fracture. The same 












Figure 6.9 Schematic showing the crack tunneling through the layer without interfacial 
delamination 
  
When the crack tunneling through the layer well-bonded to a substrate (i.e. without 
interfacial delamination or substrate penetration), the SIF can be calculated by using a 
two-dimensional (2D) elasticity solution without considering the 3D problem 
(Hutchinson and Suo, 1992), illustrated in Fig. 6.9. This follows from the fact that the 
energy released per unit length of tunneling equals the energy released to form a plane 
strain crack traversing the layer. For the two layers with different elastic constants, the 
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Here μ is the fitting parameter and μ =0 for reasonable estimations (Beuth, 1992). λ is the 
stress singularity exponent which is numerically solved from the following equation 
(Beuth, 1992), 
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And α and β are “Dundurs parameters” used to quantify the elastic mismatch of two 
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The superscripts 1 and 2 indicate that the quantities are for materials 1 and 2, respectively. 
ijS  is the compliance tensor for plane strain (Beom and Atluri, 1995),  
 










Figure 6.10 Stress intensity factors as functions of the fiber orientations of bonded plies 
for (a) 0o ply, (b) 30o ply, (c) 60o ply and (d) 90o ply 
 
Fig. 6.10 shows Kg/KIC for each ply as a function of the fiber orientation of the bonded 
ply with different types of adhesive interfaces. The dash lines show the predictions using 
Eq. (6.13). As predicted, the variation of SIF is dominated by the stiffness mismatch (i.e. 
α) of the two plies. SIF increases when bonded to a compliant ply and decreases when 
bonded to a stiff ply. However, considerable discrepancy is observed between the 
magnitude of analytical prediction and the simulation results. This could be attributed to 








elastic mismatch is not accurate if not considering the stiffness degradation as crack 
growth. Second, interfacial delamination is not considered in the elastic solution thus the  
variations with different interfaces cannot be predicted. Although the in-plane stresses in 
the interior of a particular ply are insensitive to interface properties, the out-of-plane 
stresses and the state of damage in the laminates are changed. If the bo nded ply fails or 
the interface fracture occurs, the constraint will be lost over time (Huang ,Prevost et al., 
2002). On the other hand, delamination requires additional energy to fracture the 
interface as the intra- laminar crack advances (Mei ,Pang et al., 2007). Therefore, the 
constraint effect on intra- laminar fracture can be relaxed or enhanced because of the 
cohesive behavior of the stress transfer between the two plies.  
 
 
Figure 6.11 Schematic showing the crack tunneling through the layer with interfacial 
delamination of width d on both sides 
 
The effective ERR for the steady-state growth of the intra-laminar crack with account of 










* .eff P dW     (6.17) 
 
Here, ГP is the critical ERR for intra- laminar fracture, and Wd is the energy required to 
delaminate the interface accompanying per unit area growth of the intra- laminar channel 











     (6.18) 
 
Here, Гi is the delamination resistance determined from Eq. (6.12) which is only 
dependent on interface properties and mode mix, ds is the width of the stable 
delamination at both sides of the intra- laminar crack. It is accepted that usually interface 
with higher toughness leads to higher delamination resistance and smaller delamination 
size (Mei ,Pang et al., 2007; Mei ,Gowrishankar et al., 2010). Therefore the interface 
effect on the intra- laminar fracture can be quantified using the non-dimensional 
parameter, 
 







   (6.19) 
 
Here, σ can be estimated as the strength values given in Table 5.2, 1 GPa for fiber failure 








stiffness for material 1. Earlier studies has given the solution of the ERR for the fracture 
at the interface of bimaterial (Hutchinson and Suo, 1992; Ye ,Suo et al., 1992), 
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And W is the non-dimensional number depending on the elastic mismatch (α, β) and the 
delamination size, d. The numerical approximation is given as Eq. (6.21), (Hutchinson 
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Here, λ is determined from Eq. (6.14), η1 and η2 are the fitting parameters given in 
(Ye ,Suo et al., 1992) for different combinations of α and β. To study the crack on the 
stiff plies such as 0o and 30o plies, α is taken as 0.6. To study the crack on the compliant 
plies such as 60o and 90o plies, α is taken as -0.2. Since α is the dominant factor in 
solution, β is simply taken as α/4 in current study (Beuth, 1992; Hutchinson and Suo, 
1992; Ye ,Suo et al., 1992; Mei ,Pang et al., 2007). From the fracture criterion, the width 
of delamination, ds, can be solved from Eq. (6.20) by requiring G =Гi. Finally, for a given 
interface, its effect on the intra- laminar fracture can be quantified using Eq. (6.19) as a 








Figure 6.12 Contour plot of I (Гi , ds) as a function of mode mix (ψ1, ψ2) with α =0.6 and β =α/4 for (a) interface I, (b) interface II, (c) 










Fig. 6.12 shows the contour of I (Гi , ds) as a function of mode mix (ψ1, ψ2) for different 
interfaces with α =0.6 and β =α/4 (when 0o or 30o ply bonded to compliant plies). The 
unstable delamination zone is determined when the interface toughness is too small then 





<0.5 (Mei ,Pang et al., 2007)). 
The three types of interfaces give the same level of I values. The values are increasing 
faster as ψ1, ψ2 approaching 0 (the normal tractions, σZ, becomes dominance in the 
delamination process) for the interface with lower intrinsic property values (GIC, IIC, IIIC), 
while the unstable zone becomes larger when the interface is weaker. Thus one cannot 
tell which interface is better regarding its toughening effect on the intra- laminar fracture 
without the specific combination of mode mix parameters. This explains the complex 
variation of the intra- laminar fracture resistance for different types of interface observed 








Figure 6.13 Contour plot of I (Гi , ds) as a function of mode mix (ψ1, ψ2) with α =-0.2 and β =α/4 for (a) interface I, (b) interface II, (c) 










Fig. 6.13 shows the contour of I (Гi , ds) as a function of mode mix (ψ1, ψ2) for different 
interfaces with α =-0.2 and β =α/4 (when 60o or 90o ply bonded to stiff plies). The zone 
where there is no delamination occurs is determined when ds =0 because the interface is 
too strong to fracture (Mei ,Pang et al., 2007). Large unstable zone is observed in the case 
of interface-III. The interface effect becomes more significant (i.e. I value increases) 
when the intrinsic property values (GIC, IIC, IIIC) decrease. Interface I and II become 
effective when normal tractions dominate the interface fracture (i.e. 0 < ψ1, ψ2 <π/4, Fig. 
6.13-(a) and (b)) and the effective zone becomes smaller as the interface becomes 
stronger. Interface III is taking effect in both normal- traction- and shear-traction-
dominated interface failures (i.e. π/6< ψ1, ψ2 <π/3, Fig. 6.13-(c)).    
 
Up to this point, we can draw some conclusions on the interface effect. Regarding its 
effect on the interfacial fracture (delamination) itself, the stronger interface usually leads 
to higher delamination resistance (Section 6.2.1). Regarding its effect on the toughening 
mechanism of intra- laminar fracture, it is much more complicated which is highly 
dependent on the mode mix of stress state (Section 6.2.2). One can design the composite 
laminate by tailoring the adhesive interface properties based on the stress state to 
optimize the performance.    
 
6.3 Suppression of Free Edge Delamination 
Free edge delamination is one of the most important failure modes in composite laminate. 
Efforts have been devoted to suppression of delamination, including changing stacking 








1986). As discussed in the above sections, tailoring the adhesive interface (Chan ,Rogers 
et al., 1986; Dzenis and Reneker, 2001) could be effective in improving the delamination 
strength and thus fracture toughness. The effect of interface on the free edge stress and 
the delamination is studied as follows. 
 
 
Figure 6.14 Finite element simulation for free edge problems for [30o/-30o], (a) contour 
plot showing the stress distribution on the free edge through the thickness, (b) contour 
plot showing the stress distribution on the interface along the width 
 
Several structures in current study exhibit large delamination area due to free edge issues 
(Pipes and Pagano, 1970) as shown in Table 6.1. To further investigate the effect of 
different types of interface on preventing the free edge delamination, FEM simulations 
for uniaxial tension are performed on structures without pre-crack (i.e. [30o/60o], [30o/-








as shown in Fig. 5.3-(a) with the progressive mesh refinement through ply thickness (Fig. 
6.14-(a)) and along ply width (Fig. 6.14-(b)). The uniaxial displacement boundary 
condition in X-axis is applied on the end of the structure (UX ≠0, as shown in Fig. 3-(a)). 
SCZM is used to simulate interface failures. Eq. (5.15) and (5.13) are applied as the 
damage initiation and damage evolution criteria, respectively.  
 
 
Figure 6.15 Plot showing the stress distribution for [30o/-30o] under elastic deformation 
(at different strain levels) from the simulation shown in Fig. 17, (a) σXZ distribution on the 
free edge through ply thickness, (b) σZZ distribution on the free edge through ply 
thickness, (c) σXZ distribution on the interface along the width, (a) σZZ distribution on the 








Out-of-plane stresses (σXZ, σZZ) are plot along the ply thickness (2h) and ply width (w), 
Fig. 6.15. The singularity of stress is observed near the interface (Fig. 6.15-(a), (b)) and 
free edge (Fig. 6.15-(c), (d)) regions. σXZ shows the anti-symmetric distribution about the 
middle point, Fig. 6.15-(c), and σZZ shows the symmetric distribution about the middle 
point, Fig. 6.15-(d). The stress level increases as the structure undergoes elastic 








Figure 6.16 Damage dissipation energy as a function of the engineering strain of the structures with different types of interface, (a) 











Fig. 6.16 shows the damage dissipation energy as a function of the engineering strain of 
the structures with different types of interface. The sudden increase of the dissipation 
energy is caused by the delamination onset. The shear (σXZ, σYZ) and normal (σZZ) stresses 
at delamination onset is plot as the measurement of interface strength for each case, Fig. 














































Figure 6.20 Plot showing the Poisson’s ratio (νXY, red curve) and the Lekhnitskii's 
coefficient (ηX,XY, blue curve) for a ply as a function of the fiber orientation 
 
Out-of-plane stresses are caused by the mismatch of material properties of the two plies. 
Fig. 6.20 illustrates the Poisson’s ratio (νXY, red curve) and the Lekhnitskii's coefficient 
(ηX,XY, blue curve) for a ply as a function of the fiber orientation. νXY measures the 
contraction in the Y-direction due to uniaxial loading in the X-direction. ηX,XY is the 
coefficient of mutual influence of the tension-shear coupling which characterizes the 
shear in X-Y plane caused by normal stress in the X-direction. At the free edge, out-of-
plane shear stress, σYZ, originates from in-plane transverse stress, σY, through the force 
balance. From Fig. 6.20, the mismatch of Poisson’s ratios exists in [30o/60o] and [0o/90o] 
plies and disappears in [30o/-30o] plies. This is explicitly seen from the σYZ values, where 
σYZ is nearly zero at the interface for [30o/-30o], Fig. 6.17-(b). Out-of-plane normal stress 
σZZ originates from σY through the moment balance, thus σZZ presents in all of the three 
structures. Out-of-plane shear stresses σXZ originates from τXY through the force balance. 








zero in the case of [0o/90o]. This is explicitly seen from the σXZ values, where σXZ is 
nearly zero at the interface for [0o/90o], Fig. 6.19-(a).  
 
 
Figure 6.21 (a) Strength and (b) energy release rate for the structures with different types 
of interface 
 
The interface strength at the delamination initiation is determined using Eq. (6.8). The 
free edge delamination resistance is determined using Eq. (6.12). Here Eq. (6.1) is not 
used because the mesh is not uniform in the simulations for free edge problems then the 
calculation of the delamination area based on the number of separated nodes will not be 
accurate. Fig. 6.21-(a) and (b) show the interface strength and delamination resistance for 
the structures with different types of interface, respectively. From the results, it predicted 
that one can modify the intrinsic fracture properties of the adhesive layer based on the 
mode mix of the free edge stress to improve the performance of the laminate in 








should be inserted between 0o and 90o plies to obtain higher interface strength and 
toughness since the normal traction is the dominant factor in its delamination process.     
 
6.4 Summary 
Intra- laminar fracture coupled with delamination for two-ply laminated composites with 
different types of adhesive interface is studied using a combined XFEM and CZM 
simulations. Conclusions are summarized based on the simulation results and theoretical 
analysis: 
 
1. Different types of interface do not affect the overall strength of structures. However, 
interface has significant effect on the delamination resistance. In general, interface 
with higher critical GIC, IIC, IIIC leads to higher delamination resistance. Interface and 
mode-mix dependent solution, Eq. (6.12), is proposed to calculate the mixed mode 
energy release rate based on the bilinear cohesive zone model and the power law 
damage evolution criteria.     
2. Simulation results show that elasticity mismatch of the two plies and the different 
interface contributes to the variation of the intra- laminar fracture resistance. The 
effect of elasticity mismatch can be predicted by the analytical solution, Eq. (6.13). 
The interface effect is quantified by the combination of the delamination resistance 
and delamination size, Eq. (6.19), which is mode mix dependent. The selection of 
interface for specific structures should be made by consulting the contour plot of Fig. 








3. Free edge delamination is simulated with CZM. The free edge delamination 
resistance can be estimated using Eq. (6.12) with the free edge stress distribution 
from the simulation results. One can tailor the adhesive layer based on the mode mix 
of the free edge stress to improve the performance of the laminate in suppression of 
free edge delamination.  
4. All of the simulation results could be summarized through the 3D Interface-
Performance-Structures map. For interfaces in Table 5.3, the one with highest critical 
GIC, IIC, IIIC is denoted as “Strong” interface, the one with lowest GIC, IIC, IIIC is denoted 
as “Weak” interface, and the one between these two is “medium”. The delamination 
resistance for different structures as the variation of the interface G is summarized in 
Fig. 6.22.  
 
 
Figure 6.22 Delamination energy release rate for different structures as the variation of 









The fracture resistance for different plies affected by the constraint ply with different 
fiber orientations and the adhesive interfaces is summarized in Fig. 6.23-6.26.  
 
 
Figure 6.23 The fracture resistance for 0o ply as a function of the fiber orientation of the 
bonded plies and interface G 
 
 
Figure 6.24 The fracture resistance for 30o ply as a function of the fiber orientation of the 









Figure 6.25 The fracture resistance for 60o ply as a function of the fiber orientation of the 
bonded plies and interface G 
 
 
Figure 6.26 The fracture resistance for 90o ply as a function of the fiber orientation of the 
bonded plies and interface G 
 
The optimal interface selection for different structures can be obtained from this database 








database system could be developed for multi- layered laminated composites with the 
structural parameters as the variable (e.g. mismatch angles between the adjacent plies in 
quasi- isotropic laminated structure, number of layers for cross-ply laminated structure 









CHAPTER 7 SUMMARY AND CONCLUSIONS 
Hard biological materials such as bone and marine exoskeleton exhibit remarkable 
mechanical performance despite the fact that they are made up of relatively weak 
constituents. The interaction between its organic and inorganic phases is believed to be 
the key feature of the nature-design. From an engineering standpoint, they are capable of 
inspiring a next generation of composite materials with high strength and toughness with 
the engineered interface properties. Earlier researchers have focused on investigating 
mechanics of organic- inorganic bio-composite, from nano- to macro-scales. However, 
quantitative characterization of the interface has not been addressed so far. Earlier 
researchers have focused on developing techniques to tailor the interface in laminated 
composite to improve the performance of the materials. However, quantitative 
relationship between the interface properties and the material performance has not been 
developed so far. Presented research is an effort in this direction, and following 
contributions have been made: 
 
 The bio- interface systems in bone and marine exoskeleton are characterized trough 
the MD simulations and the strength and viscosity computations. This framework can 









 At the nanoscale, the interface strength and shear viscosity reported here provide 
important data and insights for formulating continuum relations for bio-composite 
materials with viscous interfaces. The relationship between the interface strength 
interface constituents- interface viscosity is discussed, and it is concluded that 
presence of the interface with larger viscosity is the main contributor of the 
toughening mechanisms to prevent catastrophic failure. It is predicted that the 
different types of interface (or unit cell) at nanoscale can be used to tailor the 
mechanical properties of micro- and macroscopic biomimetic materials. 
 
 At the continuum scale, the combined XFEM-CZM methodology is used to perform 
the fracture analysis on the laminated composite with different interfaces. The effect 
of interface on the intra- and inter- laminar fracture resistance is discussed, and it is 
concluded that stronger interface usually leads to stronger delamination resistance, 
however, regarding the toughening mechanism of the intra- laminar fracture, the 
optimal selection of interface varies with structures.  
 
 Quantitative database systems relating interface-performance-structure are developed 
based on the structures analyzed in current study, i.e. Fig. 6.22-Fig. 6.26. A general 
relation between the interface and the inter- or intra-laminar fracture resistance is 
developed through the theoretical studies, i.e. Fig. 6.6, Fig. 6.12 and Fig. 6.13. The 
database system is expected to provide guidance in the optimal design of the interface 









However, large discrepancy is observed between the simulation results (e.g. interface 
strength, interface viscosity, etc.) and “real world values”, where analytical models and 
experimental work should be incorporated to bridge this predictive work with the 
practical solutions. The interface databases systems are limited to the two-ply structures 
in current study, further larger (multi- layered) structures may be focused in the future 
studies. The interface used in current database system is energy-controlled, further more 
sophisticated modeling techniques are needed to consider other characteristics, such as 
viscosity, stiffness, etc., to predict the overall behavior of the composite materials.   
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Figure A.1 System level (left column, a-1 to a-6) and interface level (right column, b-1 to 


















Figure B.1 System level (left column, a-1 to a-6) and interface level (right column, b-1 to 
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